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The structures of a num ber of novel poly(aryl ether) sulfones 
(nitro, aminomethyl, m ethyl and ethyl derivatives), which have 
applications as separation membranes, were determ ined unequivocally 
for the first tim e by applying sophisticated two-dimensional nuclear 
magnetic resonance (NMR) methods. The degree of substitution (DS) 
was found to vary among the products from 0.1 percent to about 2 
percent (DS: nitro, 2.0; amino, 0.11; aminomethyl, 0.76; methyl, 2.12; 
ethyl, 2.05).
Poly(y-stearyl-a,L-glutamate), PSLG, is a "fuzzy rod" polymer 
composed of a central backbone th a t can exist as an a-helix. This 
backbone, a polypeptide, is hydrophilic. The steary l side chains (the 
"fuzzy" p art of the molecule) are hydrocarbon segm ents of length Ci«. 
These are hydrophobic, so the rigid-rod is soluble in  hydrocarbon 
solvents, an unusual behavior for such systems. The purpose of this 
thesis was to look for interactions between the rigid-rod and  a random 
coil polymer, polyethylene (PE). Deuterium  NMR data, on samples 
containing no more than 5 percent deuterated polyethylene (DPE), 
indicated a small interaction between the two polymers. Differential 
scanning calorimetry (DSC) identified a transition  not found in either 
blend component, occurring at about 75 °C on cooling and at about 95 °C 
on heating. Its  detection is dependent on the ra te  of tem perature change
and occurs near the point where a rap id  change in crystaUinity is seen in 
the deuterium  NMR. The DSC and NMR work detect a sm all 
interaction between the rods and coils. Polarized light and 
epiQuorescence microscopy showed th a t a t low levels of PE (10 percent 
range), the blends components behave independently. At high PE levels 
(> 80 percent), the  micrographs show the composites are more than  a sum 
of the parts. There is formation of ordered domains of PSLG, possibly 
in itia ted  by an interfacial interaction w ith the overwhelming PE 
component. The use of dye-labeled PSLG confirmed the identification of 
these ordered regions as PSLG.
For the first time, diffusion of pure PSLG was studied using the 
fluorescence photobleaching recovery experim ent. The resu lts indicated 
diffusion began near the side-chain m elting point of 50 °C.
xxi
Chapter 1 Introduction and Literature Review
On first consideration, polymers may appear to be simple systems 
of little  in terest to the analytical chemist. This is a deceptive simplicity 
th a t does not take into account the large effect sm all changes in the 
composition (relative monomer contents in  co- and ter-polymers), 
differences in average monomer tacticity, conformation of the product in 
different environments, effect of tem perature on behavior, new properties 
th a t m ay be seen in blends of two polymers th a t are not simply the sum 
of the component attributes and low levels of added functional groups.
The existence of polymers was debated for years. M any thought it 
was not possible to have molecules of extremely high m olecular weight 
(today there  are common commercial polymers th a t are well over 10G 
daltons in  weight). Arguments were made th a t w hat was being observed 
were really aggregates of m any sm aller molecules.
M ass spectrometry (not used in  th is thesis) has  the very attractive 
feature of being able to provide molecular weight inform ation in  addition 
to inform ation on the molecular structure. The sample m ust be ionized 
in  some way before it reaches the m ass analyzer. Most ionization 
processes resu lt in fragm entation of the  molecule. The fragm entation 
pa tte rn  yields very useful information on the molecular composition, but 
i t  can be difficult to obtain the molecular structure from th is pattern .
This is complicated by the fact th a t the type of ionization process used
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resu lts in different types of fragm entation. While the method is 
extremely useful for samples th a t can be volatilized or a t least nebulized, 
it is severely limited for the  analysis of non-volatile samples. Recent 
advances are removing th is restriction, although the n a tu re  of the 
technique m akes it impossible to study bulk  polymers. This is a 
handicap since it is in the  bulk s ta te  th a t m ost polymers will be used.
To date, however, m ass spectrom etry rem ains unable to distinguish 
between many isomers.
Infra-red spectroscopy yields valuable inform ation on functional 
groups th a t are present in  molecules and, while considered by many to be 
a qualitative technique, can be used quantitatively w ith proper 
instrum ent calibration using known standards. I t  is capable of 
exam ining samples in a wide variety of forms, usually with minimal 
sample preparation. It suffers from the relatively poor peak resolution: 
in  anything bu t the sim plest molecules, there is varying degrees of peak 
overlap from moderate to severe. This m akes it  difficult to obtain 
quantitative information, although m ultiplex (such as p artia l least 
squares) methods can overcome th is to some degree. These sophisticated 
data  treatm ents assume th a t the basic sam ple m atrix  does not change.
N uclear magnetic resonance (NMR) is considered by m any to be 
the m ost powerful tool for elucidating m olecular structure. This
technique was most frequently used in th is thesis. I t is, however, by no 
m eans the only m ethod to obtain th is type of information.
The advantages of NMR include:
(1) high resolution - peaks (especially in  13C NMR spectra) are 
frequently totally  resolved.
(2) the method is absolute. T hat is, i t  does not require 
standardization if the  proper experim ental param eters are 
chosen.
(3) peak positions for the nucleus under study can often be 
fairly accurately predicted (in the case of I3C NMR to within 
1 - 2 ppm), greatly simplifying spectrum  interpretation.
(4) the data obtained are not lim ited to identifications of 
structures. Properly designed experim ents can yield 
inform ation on molecular orientation and mobility (as in the 
2H studies reported in  this thesis), identification of spatially 
close nuclei (NOESY work reported in  th is thesis), long- 
range (through bond) connectivities (COLOC experiments 
used for th is  thesis). There are m any other uses of NMR 
spectroscopy not used for th is report.
A major disadvantage of NMR is its  low sensitivity. Before the 
advent of microcomputers and  Fourier transform  methods, it was 
im practical in  most instances to acquire spectra of any nuclei other than 
1H, 19F and 31P. Rapid d a ta  acquisition is now possible by the application
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of an intense radio frequency pulse th a t excites all frequencies of interest 
simultaneously. The resulting free induction decay (FID) signal is 
sim ilar to the interferogram  of FTIR in th a t it contains all of the 
frequency inform ation of the spectrum . The signal is usually monitored 
from a fraction of a second to several seconds and is much faster than  the 
old method of scanning continuously through the  frequency range of 
interest. The co-added FID's (which may num ber in  the thousands) are 
transform ed into the  frequency domain spectrum  we are accustomed to 
viewing by application of the Fourier Transform. Nonetheless, this can 
be a very time consuming process. The advantages of NMR for structure 
elucidation and structure-property relationship studies obviously far 
outweighs this disadvantage in m any applications. While NMR 
spectroscopy is powerful, i t  can by no m eans provide a complete 
characterization of sample. I t provides an average response for the 
system as a whole.
Differential scanning calorimetry (DSC) was also used extensively 
in this thesis. The m ethod is a therm al technique th a t m easures sample 
transitions (e.g., m elting, crystallization, glass transition  tem perature).
It will detect therm al events from different components of the sample and 
directly provides d a ta  on w hat proportion of the sample is involved in 
each transition. This inform ation comes from the transition enthalpies, 
which are directly proportional to the  peak areas. In polymer blends, it
easily shows transitions for the individual components (not possible, 
except by inference, by NMR), and new transitions th a t may arise from 
interactions between the  blend components.
A visual image of the sam ple is provided by bgh t microscopy. The 
techniques used in  th is thesis were polarized bgh t microscopy and 
epifluorescence bgh t microscopy. A ppbed to a series of blends, the 
micrographs directly show interactions between the components. The 
polarized b g h t results easily detect crystalbnity , which can be monitored 
as the tem perature is varied. In  th is  thesis, polyethylene was considered 
a "solvent" (no m atter how poor) for the side chain modified polypeptide 
poly(y-stearyl-a,L-glutamate) [PSLG], C rystalbnity  in both phases can be 
monitored. The m ethod has  the advantage of being able to detect the 
presence of PSLG spheruhtes (hquid crystals) in the polyethylene matrix. 
The identification is fu rther confirmed if  PSLG labeled with a fluorescent 
dye is used. Observation of the  sample w ith the proper wavelength bght 
causes the areas containing PSLG to appear brighter in  the micrographs.
To m easure PSLG self-diffusion (in the  absence of solvent), the 
fluorescence photobleaching recovery (FPR) technique was used. The 
in terest here was in  determ ining when transla tional motion of the 
individual polymer molecules would commence. Sim ilar studies have 
been done on various poly(alkyl)glutam ates which were dissolved in a 
solvent. I t  is bebeved th a t  th is is the  firs t report of the  detection of
diffusion in  a pure poly glutam ate. The sample is labeled with a 
fluorescing dye. The sam ple is then  irrad ia ted  with in tense laser energy 
of the proper wavelength to bleach the dye in  those molecules not 
protected by a grid. After the bleaching, the  sample is monitored while 
under a tem perature ram p to determ ine when diffusion occurs. The 
diffusion is detected by the gradual loss of the grid p a tte rn  etched in  the 
sample.
Poly(aryl ether)sulfones
Poly(aryl ether) sulfones, in  particu lar Udel®, are commercially 
available plastics exhibiting high chemical resistance, toughness (due to 
the  relative rigidity of the  chain), high glass transition  tem perature (TB, 
m aking i t  useful a t high tem perature conditions) and processing ease.12 
They have been used as a m em brane support for reverse osmosis, 
u ltrafiltra tion  and gas separation.3
Four commercial poly (aryl ether) sulfones are available:3 
(1) Udel® - bisphenol A polysulfone (BPAPSF) from Amoco 
perform ance Products, Inc.
(2) Radel A - poly(aryl ether) sulfone - structure not disclosed, 
from Amoco perform ance Products, Inc.
(3) Victrex - poly(ether) sulfone from ICI Americas, Inc.
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(4) Radel R - poly(phenol) sulfone from Amoco performance 
Products, Inc.
The poly(aryl ether) sulfone used in  th is work is BPAPSF.
U nfortunately, the low functionality m akes the unmodified BPAPSF a 
poor m em brane for the process of gas separation. Appropriate 
m em branes can be deposited on a porous substrate  which greatly 
increases the separation capability.4
The application sought is gas separation. This goes beyond the 
support function to the actual separation being m ediated by the polymer 
membrane. In  glassy polymers, the transport of gas is dependent on the 
shape of the  gas molecules because of restricted  motion of the polymer.5 
By introducing ring substituents, i t  is possible to increase gas 
perm eability below TK. This is brought about by a disruption of packing 
efficiency.6 Frequently, th is  leads to a reduction in  selectivity because of 
increased free volume. There are cases where th is situation does not 
hold. Several researchers have shown th a t large, immobile substituents
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can improve gas separations by sim ultaneously increasing chain stiffness 
and  decreasing packing efficiency.7-8
M ethods for producing th in  m em branes and m easuring gas 
transpo rt have been reported in  a num ber of publications (e.g., McHattie, 
Koros, P au l7; Pye, Hoehn, P anar8; K ahana, Arad-Yellin, Deshe, 
W arshaw sky9). I t  was not the purpose of th is thesis to m easure gas 
transport.
The application of these m aterials to other separations (gas from 
solvent, solvent from solvent) would be feasible if solvent sensitivity 
(crazing and cracking) could be overcome. By term inating the polymer 
chains a t both ends w ith reactive groups, it m ight be possible to retain  
the im proved separation characteristics of ling-modified BPAPSF while 
improving solvent resistance through cross-finking. P.M. H ergenrother 
discussed the  synthesis of ethynyl-term inated BPAPSF in 1982.10
The reaction used to produce BPAPSF is reported by Johnson and 
F arnham  11 (Figure 1). This condensation polymer is activated to 
electrophific substitution in  the BPA residue rings by the isopropyfidene 
group and  the  oxygen.12 The aromatic rings next to the  sulfone group 
are m uch less likely sites for electrophific substitution because of the very 
strong electron w ithdraw ing effect of th a t group.
T hat the BPA residue is the  site for electrophific substitution and 




Reaction to Produce Bisphenol A Polysulfone
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num erous papers.12’1217 Groups introduced into the BPA moiety 
include, n itro12' 16' 18, am ino12' 18, m ethyl718, e thyl18, am inom ethyl12 I8, 
sulfonate115, brom ine13' 19, phthalim idom ethyl12 18 and azide20. 
Nucleophilic substitu tions ortho to the sulfone groups have been reported 
using organometallic interm ediates to introduce carboxyl21, hydroxyl22, 
and azide20 functionalities.
Practically no work has been done to positively identify the 
substitution sites by direct analysis, especially for the quaternary  
carbons in  the 13C NMR spectra. Sophisticated NMR m ethods which can 
unequivocally assign molecular structure have been used only by 
Guiver20 and Roos18. These techniques were essential in  th is thesis to 
distinguish between closely spaced resonances. O ther investigators have 
only gone so far as to m easure the degree of substitu tion (DS), to deter­
mine the presence of the desired functional groups or to compare observ­
ed and  calculated chemical shifts for protonated carbons.8' 12' 13' 16 17 19.
Different methods have been used for chemically modifying 
BPAPSF. Guiver and  Robertson20 described the introduction of the azide 
functionality into either the  sulfone or BPA residue rings. T reatm ent of 
BPAPSF w ith n-butyllithium  improves m etalation a t the ortho sulfone 
position. Subsequent trea tm en t of the aromatic nucleophile yields the 
azide derivative by displacement. T reatm ent w ith tosyl azide yields the 
azide derivative. BPAPSF brom inated at the  ortho ether position treated
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with tosyl azide yields the azide functionality in  the BPA residue. Guiver 
assigned the  13C chemical shifts of poly(sulfone(ortho-ether)azide) 
derivative by a combination of one-bond carbon-proton correlation 
(HETCORR - for heteronuclear correlation) and  th ree bond long-range 
2D heteronuclear correlation (COLOC - for correlated long-range 
coupling) NMR spectra. These assignm ents are compared w ith those 
obtained in  th is thesis. While they were of some use in  peak 
identification, there  were a num ber of closely spaced peaks in  samples 
reported here th a t could only be determ ined through new NMR work. In 
addition, not all of the corresponding carbons in  the two studies were 
close in  chemical shift.
Esser and  Parsons19 used NMR to study brom inated poly(aryl 
ether) sulfones. None of these m aterials, however, were BPAPSF. None 
the less, proton NMR peak assignm ents for the sulfone rings were useful 
for th is work.
Brownstein and Guiver22 studied using both proton and  carbon 
NMR to characterize hydroxy-functionalized BPAPSF. The products 
were prepared  by the direct lithiation route, so substitu tion was in  the 
sulfone rings. The major purpose of th is study was to see how the 
bulkiness of the hydroxyl-containing group affected the enthalpy barrier 
to rotation. Carbon assignm ents for the BPA residue were useful for 
confirming assignm ents m ade in  th is paper.
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Proton and carbon assignm ents were also given by Guiver et a /.21 
for carboxylated BPAPSF and its methyl ester derivative. One of the 
objectives of this thesis was to determ ine degrees of substitution (DS) for 
the various derivatives of BPAPSF synthesized as discussed below. 
Guiver has  dem onstrated the efficacy of th is  approach in  determ ining 
the  DS of carboxylated derivatives.
This thesis presents data on BPAPSF substitu ted  with methyl 
groups on the BPA residue. The polymer was m ade from commercial 
BPA monomer already derivatized with one m ethyl group per ring. 
Guiver et a l . 13 report a different synthetic route for achieving the same 
polymer: catalytic bromination of the s tarting  polymer was followed by 
lith iation  (n-butyllithium) then m ethylation with iodomethane.
T hat placem ent of functional groups on the BPAPSF rings is 
known to have an effect on chain packing is shown definitively for methyl 
substituen ts in BPAPSF and related structures.7 The packing in tu rn  is 
re la ted  to gas transport properties. A sim ilar resu lt was obtained on 
m ethyl substitu ted  polycarbonate.5 M cHattie's studies7 have focused on 
the m easurem ent of gas sorption and transport, molecular’ weight, glass 
transition  tem peratures and  other physical properties. The 
derivatized polymers were prepared from commercial, functionalized 
BPA monomers, so the DS and methyl placem ent were assum ed to be 
th a t reported by the m anufacturer.
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The sulfonation of the  BPA residue has been achieved by reaction 
of BPAPSF w ith chlorosulfonic acid.15 Noshay and Robeson1 used sulfur 
trioxide complexed with trie thyl phosphate to achieve the  same 
sulfonation product. These m ateria ls have proven useful for 
desalination.
The purpose of th is thesis was to determ ine not only the DS bu t 
also functional group placem ent on the  BPAPSF residues so these 
eventually m ight be related  to gas transport behavior. The use of 
sophisticated 2-D NMR techniques was essential to totally assign the 
spectra w ith confidence. Closely spaced peaks in  m any cases made peak 
identifications impossible by simple comparisons w ith lite ra tu re  data.
Poly(y-stearyl-a,L-glutamate)
Poly(y-stearyl-a,L-glutamate) forms a highly oriented cholesteric 
thermotropic mesophase (i.e. liquid crystal) a t tem peratures above the 
m elting point of the stearyl hydrocarbon side chains.23 The ability of 
PSLG to form thermotropic liquid crystals is associated w ith the rigid rod 
character of the glutam ate backbone coupled w ith the  flexible side- 
chains. Polyglutam ates w ith alkyl side chains containing ten or ore 
ethylene un its24 will form liquid crystals. Typically, thermotropic liquid 
crystals are classified in one of two groups 25:
(1) those with the mesogenic groups incorporated in  the 
backbone.
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(2) those with the mesogenic groups incorporated in side 
chains.
The mesogenic properties in  PSLG are im parted  by the rigid- rod 
character of the m ain chain. W ithout the  addition of a low molecular 
weight solvent (which allows the  form ation of lyotropic liquid crystals), 
these properties are expressed only when the side chains melt. Above the 
m elting tem perature, the side chains "solvate” the polypeptide and 
perm it the formation of therm otropic liquid crystals (but only a t 
tem peratures approaching 200 °C). Hence, th is polymer does not fit into 
either of the two groups described above. Figures 2 and 3 show the  types 
of liquid crystals possible from a nom enclature and morphological point 
of view, respectively.23’2G’27
The rigid rod character of the backbone is created when the 
backbone is in the a-helix conformation, which is stabilized by hydrogen 
bonds between N-H and O functionalities. The m ain chains are isolated 
from each other by the "fuzziness" im parted  by the Cis hydrocarbon side 
chains28 (see drawing below, after reference 28), which act as a solvent 
for the backbone polypeptide (Figure 4). The mesogenic groups are 
isolated from each other. Still, the  form ation of liquid crystals is possible 
because the side chains m elt a t a significantly lower tem perature than  
the m ain chains.
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What is a liquid crystal?
It is a mesogenic (intermediate) anisotropic 
state between the solid and liquid states
Smectic
Thermotropic (temperature dependent) < ; ---------► Nematic
For PSLG, occurs only at T near 200 °C
Cholesteric 
(twisted nematic)
Lyotropic (solvent dependent) 






F ig u re  2 
Liquid Crystal Nomenclature
Smectic: 2-dimensional order
Nematic: 1-dimensional order 
(least ordered liquid crystal)
Cholesteric:
(twisted nematic) 
stacked twisted layers 
of chiral nematic LC
F ig u re  3 
Liquid Crystal Morphology
M ain chain polyglutam ate
(hydrophilic)
Stearyl side chain 
(hydrophobic)
F ig u re  4 
Simplified Model of "Fuzzy" Rod
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Above the side chain m elting point, these hydrocarbon groups are 
an efficient solvent for the m ain chains, allowing liquid  crystal formation. 
The behavior of the PSLG system has been reviewed thoroughly23.
Plastics have been modified in  different ways to change the 
physical properties. The addition of a miscible rubber phase can yield 
vastly improved im pact streng th  a t and  below room tem perature by 
halting  craze propagation. Here, the rubber modifier typically has a 
shape closely approaching spherical and the average size and size 
distribution of the dispersed rubber particles is critical.
Some potential uses for PSLG and other sim ilar polyglutam ates 
have been enum erated by Poche, Daly and Russo:29 probes for polymer - 
polymer diffusion, studies for gelation of rigid-rod polymers, 
reinforcement of polymer composites and the production of chiral 
membranes. In the work reported here, PSLG self-diffusion was studied 
by labeling the polymer w ith a fluorescent dye. A th in  film of labeled 
PSLG was then "bleached" w ith a grid p a tte rn  by a laser, leaving 
polymer with still fluorescing dye and  polymer w here the dye had  been 
bleached. Diffusion of the  polymer was studied as the  polymer was 
heated on a microscope stage.
As a model system to study the interaction of a random  coil 
polymer with rigid rods, th is  thesis exam ined the behavior of blends of 
polyethylene (PE) w ith PSLG. The system was studied by three methods: 
deuterium  NMR, differential scanning calorimetry (DSC) and polarized
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polyethylene (PE) w ith PSLG. The system was studied by three methods: 
deuterium  NMR, differential scanning calorim etry (DSC) and polarized 
light microscopy. Each method contributes different bu t complementary 
information on the behavior of the system.
D euterium  NMR yields inform ation on orientation of the carbon- 
deuterium  bonds relative to the m agnetic field of the NMR instrum ent. 
The first studies of motion in  solid PE were done using proton NMR spin- 
relaxation studies and  wide-fine spectra. Spin diffusion complicates the 
in terpretation of relaxation tim e m easurem ents and in  the wide-fine 
spectra i t  is difficult to separate contributions from crystalline and 
amorphous polymer30. D euterium  NMR spectra have the advantage of 
showing m olecular orientation. This arises from the quadropolar 
coupling of the deuterium  with the electric field gradient (efg) from the C- 
D single bonds3031. [Proton and  carbon NMR show only small field 
couplings and the gradient is not along the bond axis32.] Even in fully 
deuterated hydrocarbons, longer range couplings are insignificant33. 
Crystalline regions give the  characteristic Pake p a tte rn 34, from long 
range disorder of the m any sm all crystalline domains. The Pake pattern  
has been seen for oriented hydrocarbons such as PE 30' 33' 36 37 and for 
other polymers such as nylon 6 6 38, polyacrylonitrile39 , poly(vinyl 
chloride)40 , lipids41, soap42 and liquid crystals such as polyacrylates with 
mesogenic phenyl benzoate side groups.43 44 Hsi, Zimmerman and Luz 
studied the  conformation of aliphatic end chains.45 Luz, Hewitt, Meiboom
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studied the  conformation of aliphatic end chains.45 Luz, Hewitt, Meiboom 
exam ined smectic LC.46 A side-chain modified polypeptide [poly(y-benzyl- 
a,L-glutamate)] (PBLG) was investigated by Mueller, Wassmer, Kothe.47
Finally, Meirovitch, Sam ulski, Leed, Scherage, Rananavare, 
Nemethy, Freed28 and Abe and Y am azaki48 looked a t the lyotropic state 
orientation order param eter as a function of concentration. In a different 
approach to study polymer orientation, deuterated sm all molecules (e.g. 
chloroform, benzene, acetone) have been used as probes. For low density 
PE (LDPE) and  cross-finked PE, probes were used a t different 
concentrations and  tem peratures. No clear relationship was found 
between the  m agnitude of the quadrupolar splitting and the probe 
concentration. The researchers did find, however, th a t the degree of 
polymer elongation was related  to the splitting49.
Perdeu terated  PE was commercially available from Isotec. 
D euterated PSLG is not a commercial product. I t would be possible, 
however, to obtain side chain deuterated  PSLG by reacting PBLG with 
fully or partia lly  deuterated stearyl alcohol. The benzyl function is a 
good leaving group for an  alcoholysis reaction, stearyl is not nearly as 
good.23 In addition, the transesterification reaction necessary to replace 
side chains w ith other groups is known to be incomplete. For the change 
in  functionality from m ethyl to stearyl, for example, the efficiency of the
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reaction is only 85 - 90 percent. This is despite the fact th a t methoxy is a 
good leaving group. For the curren t work, PBLG would have been used 
as the base product because the benzyl groups is a very good leaving 
group. Incomplete conversion can lead  to a disruption of the  orderly 
packing of the polymer perm itted  by side chains of equal lengths.
The conventional FT pulse sequence does not give good data in 
solids, the  reason being an  excessive dead time problem related to the 
long pulse length and recovery time. M any research groups28’39 ‘10-18 
have used the quad-echo technique for the acquisition of 2H NMR 
spectra. This is the pulse sequence used in  this thesis.
While NMR gives inform ation on the system behavior (an average 
of the  local responses) a t different tem peratures, DSC identifies the 
tem peratures a t which transitions from one sta te  to another occur. In 
addition, the  enthalpies of the transitions are obtained from the 
therm ogram s. If different fractions of a polymer are involved in different 
transitions, the enthalpy involved in  each yields the fraction of the total 
polymer involved in  th a t transition. As for the 2H NMR work, the DSC 
studies involved a tem perature range from about am bient tem perature to 
the m elting point of PE. This is the region in  which the stearyl side 
chains melt; above th a t tem perature, liquid crystal formation occurs.12
The DSC curves of alkyl side chain modified poly glutam ates show 
a m uch lower m elting transition  th an  would be expected for a typical 
rigid rod.50 This transition  resu lts from m elting of the paraffinic side-
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rigid rod.50 This transition  resu lts from m elting of the paraffinic side- 
chains which then can solubilize the polymer. This solubilization of the 
m ain chain rods by the side-chains allows for the formation of 
thermotropic liquid crystals a t relatively low tem peratures.51 The 
therm al history of the  sam ple affects the num ber of transitions seen.52 
These researchers concluded th a t  since th a t m easured enthalpy change 
rem ained the same even w ith differing hea t histories, the same num ber 
of side chain m ethylene groups was always involved. Therm al history 
was taken  into account in  the curren t study by trea ting  all samples 
identically.
While the deuterium  NMR spectra and DSC data  give indirect 
inform ation on the molecular interactions of blends, polarized bgh t 
microscopy yields visual inform ation on the distribution of different 
phases. As early as 1961, Robinson looked a t nem atic crystals for 
polypeptides in  different solvents.53 The same researcher noted that, for 
solutions of PBLG, the "periodicities" seen indicated a super-helical 
structure .54 Sakamoto and  Osawa found evidence for cholesteric liquid 
crystals in  poly(alkyl glutam ates) with side chains longer th an  ten 
m ethylene un its.55 Both thermotropic and lyotropic liquid crystals were 
studied. W atanabe and T akashina discovered a thermotropic non­
cholesteric LC sta te  above the  cholesteric phase tem perature for 
poly(octadecyl glutam ate) [PSLG].56 It was found th a t the cholesteric 
phase, identified by the characteristic fingerprint appearance, existed in
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phase, identified by the characteristic fingerprint appearance, existed in 
the  range of 60 - 190 °C. This phase also gave a negative optical rotation, 
indicating a left-handed helix. Beyond 200 °C, the optical rotation was 
reduced to nearly zero and  the crystals showed a fan to broken fan 
pattern . On cooling, the  cholesteric crystals returned. X-ray and 
polarized fight microscopy data have shown th a t the helix is retained  in 
cast films.57 In 1984, H anabusa et al. reported liquid crystalline 
behavior in a poly(4-substituted y-benzyl-L-glutamate)58. This group 
noted th a t changes in  th e  micrographs as the tem perature was raised 
were correlated w ith DSC transition tem peratures. O ther work has 
shown th a t a therm otropic cholesteric mesophase is formed in a 
polyglutam ate copolymer, poly(benzyl glutamate-co-dodecyl 
glutam ate).27 This work utilized circular dichroism bu t the product 
would have been an in teresting  candidate for polarized fight microscopy.
The study reported in th is thesis used polarized fight microscopy to 
determ ine the distribution of PSLG in blends w ith PE. Blends ranging in 
PE content from 0.5 to 95 percent PE were exam ined a t varying 
tem peratures during both heating and cooling cycles. An extension of 
th is work involved the use of fluorescently labeled PSLG to aid in its 
discrim ination from PE.
Fluorescence photobleaching recovery (FPR) is useful for studying 
polymer self-diffusion in  solutions or in  bulk systems. I t  has also been
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utilized in  the study of gels. The method depends on the presence of a 
photo-bleachable dye, such as fluorescein. A striped pa tte rn  is bleached 
into the sam ple by a laser. Microscopic observation of the sample under 
fluorescent bgh t imm ediately after p a tte rn  bleaching shows a series of 
alternating, parallel b g h t (unbleached) and dark  (bleached) lines. The 
gradual loss of th is a lternating  p attern  is m onitored through a 
microscope. This is, obviously, a diffusion process and the data are used 
to determ ine diffusion coefficients.
The dye can be used as a sm ab m olecular probe of, for instance, 
gel systems and  polymer films. Sm ith studied diffusion of the dye 7- 
(diethylamino)-4-nitrobenz-2-oxa-l,3-diazole in  films of poly(methyl 
m ethacrylate).59 The dye l,l'-dihexyl-3,3,3',3'-tetram ethybndocarbo- 
cyanine h as  been used to study curing in  epoxy resins.60 O ther 
researchers used fluorescein anion as a probe of aqueous 
(hydroxypropyl)ceUulose.G1 This polymer forms cholesteric bquid  crystals 
a t the righ t concentrations.
M any studies have utihzed polymer tagged w ith a fluorescent dye. 
Inoue, Nemoto, Kojima and K urate prepared polystyrene labeled with a 
photo-bleachable dye, 4-glycyl-7-nitrobenzofurazan, to study polymer by 
FPR and by forced Rayleigh scattering. There are no standard  
samples of known Ds to m easure the accuracy of e ither method. Very 
sim ilar resu lts  for Ds were obtained by the  two methods. The sm ab 
differences seen, w ith the FPR data being sbghtly  lower, were attributed
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differences seen, with the  FPR data  being slightly lower, were attributed  
to experim ental error. While data by these two methods were obtained 
on solutions, the resu lts support the reliability  of the results obtained in 
th is report. The FPR method was used by Wang, Lowry and Wu to study 
the m ovement of dye-labeled polystyrene in  a solution on unlabeled 
polystyrene in  diethyl ph thala te .63
O ther work has focused on biologically im portan t compounds and 
side chain modified polypeptides. The self-diffusion coefficient of 
fluorescently labeled PBLG in pyridine was determ ined in one study.61 
Another team  reported on self-diffusion and  probed diffusion in aqueous 
dextran solutions.65 Three tracers were studied: fluorescein, fluorescein 
labeled dextrans of varying molecular weights and fluorescein labeled 
polystyrene spheres. Tinland, M aret and  Rinaudo looked a t aqueous 
solutions of labeled polysaccharide xan than  of different molecular 
weights.66 The FPR m ethod has been applied to the  determ ination of the 
self-diffusion coefficient in  entangled DNA solutions.67
Two modifications of the FPR experim ent include (1) tem perature 
ram ping68 (applied to the determ ination of gel m elting points) and (2) 
m odulation detection.69 The second technique scans the grid through 
the  observation beam during sample exam ination. This resu lts in the 
grid coming in  and out of phase w ith the etched pa tte rn  in  the sample. It 
reduces the  occurrence of additional photobleaching while the sample is 
under study.
Chapter 2 Poly(aryl ether)sulfones
Methods
A Perkin-Elm er 1760X FTIR spectrophotometer was used to record 
the spectra for the data reported in  th is section. Thin films were cast 
from chloroform onto potassium  bromide pellets.
The NMR data on the polymers were obtained a t am bient 
tem perature in CDCls w ith TMS as the in terna l reference. A B ruker 200 
MHz spectrom eter was used.
For more precise NMR m easurem ents, polymers were dissolved, 
when possible, in l,l,2,2-tetrachloroethane-d2 (TCE) a t a concentration of 
2 to 5 percent. Although the amino and aminomethyl derivatives were 
not very soluble, no other solvent was as good. Tetrahydrofuran (THF), 
acetonitrile and chloroform failed to dissolve the polymers a t room 
tem perature. While the TCE can be heated  to well over 120 °C, this 
resulted  in  the formation of the  insoluble ammonium chloride derivative. 
Thus, m easurem ents were m ade a t am bient tem perature. L ittle 
solvation of the polymers occurred w ith dim ethyl sulfoxide, dimethyl 
formamide and benzene, even a t high tem perature. The NMR spectra 
were then  acquired on a B ruker AC-300 spectrometer, the proton 
frequency being 300 Mhz, w ith a 13C frequency of 75 Mhz.
For the proton NMR spectra, the flip angle was 90°. The 
TCE solvent resonance occurring a t 5.97 ppm was used as the
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spectrum  reference. Partly  as a resu lt of the spectra being obtained at 
wide intervals over a period of more th an  one year, the other collection 
param eters were not identical for all spectra. The delay between pulses 
was 7 to 14 seconds; the acquisition time varied between 4 and  9 seconds. 
No m athem atical m anipulations were done on the  free induction decays 
to increase either signal-to-noise or resolution. The proton spectrum  of 
the unmodified BPAPSF yielded the expected ratio  for the four aromatic 
proton types and the BPA residue methyl groups of 4:4:4:4:6 with a 7 
second delay between pulses. All of the derivative spectra were acquired 
w ith longer pulse delays. Comparisons of relative peak areas arising 
from new proton resonances in the substitu ted  rings indicated th a t these 
data  were also quantitative. Only in  the n itro  derivative, where peak 
overlap prevented th is comparison, is the quantita tion  not directly 
confirmed by relative peak area. It was possible in  all of the derivatives 
to distinguish m eta couplings of about 2 Hz.
No attem pt was made to obtain quantitative 13C NMR data, but 
only to determ ine peak locations. An inversion-recovery spin-lattice 
relaxation time experim ent on the s tarting  BPAPSF showed Ti varying 
between 0.117 and 2.999 seconds. The TCE solvent peak a t 75.5 ppm, 
was used as the spectrum  reference in  the 13C spectra.
Distortionless enhancem ent by polarization transfer (DEPT) 
experim ents were used to distinguish between protonated and  non- 
protonated carbons. The pulse sequence for the DEPT experim ent:71
]H: 90°x —  x —  180°x —  x —  0 y —  x —  BB decoupling
I3C: 90°x —  x —  180°x —  x —  FID
yields a change in  the response of the methyl, m ethylene and m ethine 
carbons as the flip angle is changed. The flip angle is changed by 
altering the  am ount of tim e (the pulse width) the irrad ia ting  frequency is 
operating.
Several types of 2-D NMR spectra were acquired when such data 
were expected to aid peak  identifications. Homonuclear correlated 
spectroscopy (COSY) spectra were used to identify, through the coupling 
information, protons arising from substitu tion th a t were hidden under 
other resonances. An F l  spectral width of 1126 Hz an F2 spectral width 
of 2252 Hz were used for the data  acquisition. The data  were digitized to 
a size of IK  in  the F2 dimension, 0.5K in  the F l  dimension.
The num ber of increm ents in  the F l  direction was 128 with 8 scans 
being co-added for each. The COSY pulse sequence is given below:71
TI: 90°x —  x — 0x — FID
A 2-D nuclear O verhauser enhancem ent spectroscopy (NOESY) 
spectrum was used to m ake an in itia l confirmation of assignm ents for 
protons in  the s tarting  BPAPSF. The spectral w idths were 1126 Hz and 
2252 Hz for F l  and F2. D ata size was 1024 for F2 w ith a total of 128 
increm ents (with 8 scans each) being collected. The NOESY spectrum 
yields information on spatia l proxim ity of nuclei and is not dependent on
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through bond (i.e. scalar) couplings. The pulse sequence for this 
experim ent is shown below:70
*H: 90°x — ti —  90°x —  A —  90°x —  FID (fe)
The first p a r t of this, through the  second 90° pulse, is identical to the 
COSY experiment. The mixing time, A, allows polarization transfer 
between two spatially close nuclei. For the proper application of this 
sequence to the NOESY experiment, A m ust be of the sam e order of 
m agnitude as the spin-lattice relaxation time, Ti. Ti values for the 
different protons were m easured with the inversion-recovery technique 
and found to be no greater th an  about 1.8 seconds.
To determ ine carbon-proton connectives, both heteronuclear 
correlation (HETCORR) and heteronuclear correlation long range 
coupling (COLOC) 2-D experim ents were used. The COLOC data 
perm itted the assignm ent of non-protonated carbons. Both the 
HETCORR and COLOC experim ents were accomplished using an F l 
spectral width of 1351 Hz and an F2 spectral w idth of 13157 Hz. 
Digitization size was 4K in  F2 w ith 128 increm ents acquired in F l. For 
the HETCORR experim ents, 8 scans were co-added for each increment. 
For the COLOC studies, 48 scans were collected per increm ent for the 
nitro and methyl derivatives, 128 scans were used per increm ent for the 
ethyl derivative. A one-bond C-H coupling of about 150 Hz was assumed
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for the HETCORR acquisition. Following the  example of Guiver and 
Robertson20 a coupling of 7.5 Hz was chosen for the COLOC experiment.
The COLOC experim ent is essentially a long-range HETCORR 
analysis. The diagram  for the HETCORR pulse sequence is given 
below:71
90 90
I-  tj fZ : tj/2 I I t  b ro a d b a n d
■LH _( ______________ j_______ I |_______ decoupling
180 90° t2
13C
The COLOC pulse sequence is sim ilar to the  HETCORR (above) except 
the proton sequence has  a  180° pulse occurring sim ultaneously 
with the  carbon 180° pulse .71
M aterials
Bisphenol A polysulfone (UDEL®), purchased commercially, was 
modified according to procedures as shown in  the following.
N itration of BPAPSF - The m ethod reported by Crivello72 was utilized for 
n itration  as follows73’74: a  solution of 4g of ammonium n itra te  in 42 mL 
trifluoroacetic anhydride was added to 22. lg  of BPAPSF dissolved in  200 
mL CHCL. After 24h of s tirrin g  a t RT the volume of the m ixture was 
reduced and  the reaction product, labeled as BPAPSF-NO2 was
precipitated in m ethanol, filtered and w ashed sequentially with 
m ethanol, aq. NaHCCL, w ater and  m ethanol; yield: 22. lg  (DF = 0.21, 
99.2%). Spectroscopic analysis: FTIR, 1533 c m 1 (-NO2); 'H  NMR 
(CDCls), 1.73 ppm (s), 6H, 2-CH3; 7.01 ppm (d), 7.24 ppm (d), 7.44 ppm 
(d), and  7.83-7.90 ppm (m), 14H, arom atic protons. 13C NMR (CDCI3): 
30.06 ppm  (-CHs); 42.6 ppm  [-C(CH3)2]; 119.8, 120.0, 122.8, 129.8, 133.3, 
135.5, 141.6, 148.8, 153.3, and 161.8 ppm  (aromatic carbons).
Reduction of n itra ted  BPAPSF 73 A m inated polysulfone, BPAPSF-NH2 
(DS = 0.11), was obtained by reacting BPAPSF-NO2 (3g) with SnCL 
(5g)/conc. HC1 (100 mL) in  THF (30 mL) a t 70 °C for 48h in the presence 
of tetrabutylam m onium  chloride (0.0lg). The THF was evaporated and 
the residue was neutralized with solid NaOH in  an ice bath. The reduced 
polymer was extracted w ith CHCls and  reprecipitated twice from 
m ethanol; yield: 1.2g (42.6%). Spectroscopic analysis - FTIR 3475,
378, 1625 cm-1 (-NH2). JH  NMR (CDCls): 1.72 ppm (s), 6H, 2-CH3; 3.67 
ppm (broad), 2H, -NH2; 6.58-6.99 (m), 7.24 (d), 7.43 (d), and 7.87 (d) 
ppm, 14H, aromatic proton. I3C NMR (CDCI3): 30.8 ppm (-CH3); 42.4 
ppm (H3C-C-CH3); 115.6, 116.6, 117.4, 117.7, 119.7, 120.8, 128.4, 129.7, 
135.3, 138.3, 139.1, 147.3, 148.6, 152.8, 161.7 and 161.9 ppm, all 
aromatic carbons.
Phthalim idom ethvlation of BPAPSF 73' 74 This modification was achieved 
by reacting BPAPSF (22. lg) dissolved in  CHCla (200 mL) with a solution
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of N-hydroxym ethylphthalim ide (8.85g) in a m ixture of 
trifluorom ethanesulfonic acid (5g) and trifluoroacetic acid (200 mL) a t RT 
for 6h. The poly(phthalim idom ethylarylene ether sulfone), BPAPSF- 
CHa-Im, was isolated by precipitation in  m ethanol followed by sequential 
washing w ith ammonium hydroxide, w ater and methanol; yield: 25.7g 
(DS = 0.64, 99.9%); Spectroscopic analysis - FTIR: 1773, 1718, 948, 794 
and 756 c m 1 absorptions). NMR (CDCL): 5.32 ppm (s), -CFL-, 
phthalim ide; 6.92 (d), 7.10 (t), 7.42-7.61 (m), 7.75-7.79 (m) and 7.88-7.92 
ppm (m), all aromatic protons. 13C NMR (CDCla): 66.1 ppm, -CH2- 
phthalim ide; 117.7, 118.0, 120.7, 123.5, 127.6, 127.8, 128.5, 129.9, 131.3, 
134.9, 135.1, 135.4, 136.1, 154.1, 157.1 and 161.2 ppm, all aromatic 
carbons; 167.8 ppm, C=0.
Hvdrazinolvsis of phthalim idom ethvlated BPAPSF 12 Dried BPAPSF- 
CH2-IM polymer 5g, DS = 0.7 - 0.8) was dissolved in  a m ixture of THF 
(150 mL) and ethanol (150 mL). The reaction was carried out at 70 °C for 
48h using 3.5 mL of hydrazine hydrate. The am inom ethylated 
polysulfone, BPAPSF-CH2NH 2 , was precipitated in  m ethanol and washed 
sequentially with aq. NaHCOa, w ater and methanol; yield: 12.5g (95.4%); 
Spectroscopic analysis - FTIR: 3400 c m 1 (-NH2). TI NMR (CDCla): 1.69 
ppm (s), 6H, 2 -CH3; 1.92 ppm (broad), 2H, -NH2 ; 3.73 ppm (s), 2H, - 
CH2NH 2 ; 6.78 - 7.29 (m) and  7.80 - 7.89 (d), all aromatic protons. 13C 
NMR (CDCla): 30.9 ppm, -CHa; 41.8 ppm, -CH2NH 2 ; 42.5 ppm,
33
HaC-C-CHs; 115.3, 117.1, 120.0, 125.8, 128.4, 129.7, 135.6, 147.1, 153.0 
and 162.0 ppm, all arom atic carbons.
Synthesis of BPAPSF-CHa and BPAPSF-CH2CH3 High molecular weight 
alkylsubstituted polysulfones were synthesized from the appropriate 
bisphenol and a dihalogenated diphenylsulfone according to the 
procedure described by Johnson and  F arnham 12. For example, 2,2-bis(4- 
hydroxy-3-methylphenyl)propane was transform ed to the corresponding 
sodium salt by reacting w ith NaOH(aq.) in dimethylsulfoxide (DMSO) at 
70 °C. The sa lt was fu rth er reacted with 4,4'-dichlorodiphenylsulfone in 
DMSO at 160 °C to yield BPAPSF-CH3 with DS = 2. BPAPSF-CH2CH3 
with DP s  2 was obtained in  a sim ilar way. NMR data for the m ethyl 
and ethyl derivatives are presented in  the results section of th is chapter.
R esults and D iscussion
The proton NMR data  were used to determ ine the DS for each 
product. This work represents the first tim e th a t m any of the proton and 
carbon NMR peaks have been assigned.
The identification of the resonances in  the s tarting  BPAPSF 
(Udel®) was the necessary in itia l step for assignm ent of the  peaks in the 
more complex BPAPSF derivatives. While proton NMR spectra and some 
peak positions are reported in  the literatu re , comparatively little  has 
been reported on the 13C NMR spectra. In  order to allow complete
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assignm ent of the carbon spectra, accurate proton assignm ents are 
necessary. The method of doing this is discussed below.
For BPAPSF, the position of the isopropylidene m ethyl protons is 
obvious a t 1.70 ppm in  Figure 5. As expected, i t  is not split because there 
are no adjacent protons and  both rings from the BPA residue are 
identical. The aromatic region of the spectrum consists of four doublets 





To perm it identification of these protons w ithout fu rther NMR work, an a 
p r io r i assignm ent m ust be made. The sulfone group is known to be 
highly electron w ithdraw ing and would be expected to give a down field 
shift for the  H n protons. Several researchers have reported th a t the 
protons adjacent to the sulfone group are the fu rthest down-field. The 
strongly electron w ithdraw ing sulfone group was seen in  th is study to 
cause a down-field shift of the adjacent aromatic protons to 7.84 ppm.
A COSY spectrum  (Figure 6) allows assignm ent of the rem aining 
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coupling constants alone bu t there is only a 0.2 Hz difference between the 
constants for the BPA residue and those on the  sulfone rings. F urther 
support for the  arom atic assignm ents is provided by a nuclear NOESY 
shown in  Figure 7. The NOESY spectrum  is sensitive to through space 
interactions (which are dependent on dipolar coupling, not through bond 
scalar coupling) and  can detect spatial proximity for protons separated  by 
more th an  three bonds. In th is case, Ha is assigned to the 7.25 ppm 
doublet by the detected proximity to the isopropylidene methyl groups. 
Note th a t these protons are separated by 5 bonds:
These assignm ents are in  close agreem ent w ith Guiver et al. [Azide 
paper] for H a. In  Guiver's study20, the BPA residue substitution resulted 
in  overlap of Hb - c.
W ith the complete proton assignm ents, it is possible to identify the 
protonated carbons. Figure 8 shows the 1-D 13C spectrum. Protonated 
aromatic carbons are easily differentiated from non-protonated by their 
greater intensity. The close spacing of the former resonances makes 
them  impossible to assign. The methyl and quaternary  non-aromatic
Hc Ĥ H h H
38
O ll'd iagonal p eak  indicating 
spatial proximity ot protons a t 




8 . 0  7 . 0  6 . 0  5 . 0  4 . 0  3 . 0  2 . 0
PPM
Figure 7






















carbons are identifiable. F igure 9 is the HETCORR spectrum  for 
BPAPSF. Identification of carbons is facile from this spectrum . The 
expanded plot in Figure 10 m akes it even easier to identify the  aromatic 
carbons.
Peak assignm ents are more difficult in the derivatized BPAPSF 
because of several factors:
(1) peaks arising from substitution may overlap partly  or 
completely w ith those from unsubstitu ted  rings.
(2) in  cases where there is substitution in both rings of 
every BPA residue, there are no aromatic peaks in  those 
rings rem aining from the starting  polymer.
For the proton spectrum  of the aminomethyl derivative, He and Hr 
are tentatively identified by the splitting due to coupling. H e would be 
expected to exhibit ortho coupling (to Hf) only as the p ara  couplings are 
generally too small to detect. Hr can be expected to be split by both ortho 
coupling to He and  m eta coupling to H g. H g cannot be identified (Figure 
11 - compared to the s ta rtin g  BPAPSF). The carbon spectrum  of this 
derivative in  Figure 12 also shows a large increase in complexity relative 
to BPAPSF. Complete assignm ent of both the proton and carbon spectra 
would not be possible w ithout 2-D techniques.
Since the DS for the aminomethyl-BPAPSF is low (0.70 by 
nitrogen analysis), the  m ajor peaks in both the proton and carbon spectra
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Figure 9
HETCORR (C - H Correlation) Spectrum of Bisphenol A Polysulfone
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are from unsubstitu ted  rings. Figure 13 shows the COSY spectrum. The 
identity of H g is apparent from the off-diagonal peak indicating coupling 
of Hf to a carbon hidden by Ha. By using the COSY data, the protonated 
carbons can be totally assigned. The HETCORR spectrum  for the 
aromatic region in Figure 14 shows the result. F igure 12 had  two closely 
spaced carbon peaks near 44 ppm. One of these is the aliphatic 
quaternary  carbon in the BPA residue. The other has to be the carbon 
from the aminomethyl group. A DEPT-135 experim ent (Figure 15) 
identifies the peak at 43.3 ppm as the la tte r  carbon.
A powerful experim ent for assigning both protonated and non- 
protonated carbons is the Incredible N atu ral Abundance Double 
Q uantum  Transfer Experim ent (INADEQUATE).71 The INADEQUATE 
method relies on coupling information from adjacent 13C nuclei to trace 
the carbon skeleton of the molecule. Since th is isotope m akes up roughly 
1 percent of all the carbon present, the probability of finding two adjacent 
13C nuclei a t a given position is only 1 in  10,000. This pu ts a severe 
lim itation on INADEQUATE. It is generally considered th a t the sample 
m ust be soluble a t least a t the 50 percent level for the  experim ent to 
have a chance of working. Conceivably, a solvent could be found th a t 
would solubilize the BPAPSF derivatives sufficiently for th is experim ent 
to work. In  the aminomethyl and other derivatives studied, the solubility 






Off diagonal peak showing coupling 
between H and Hg (hidden under Ĥ )
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at 120 °C. Even if  solubility a t the 50 percent level were achieved, the 
low level of substitution in most of the derivatives would prevent 
detection of the 13C-13C couplings.
This is where the correlated long range indirect coupling 
experim ent (COLOC) is useful.71 It is sim ilar to HETCORR but is 
capable of identifying non-protonated carbons through th e ir coupling to 
d istan t protons. Unlike INADEQUATE, which in  principle allows 
unambiguous identification of all the carbons in  a molecule, COLOC is 
not always so straightforward.
The major pitfall of the COLOC experim ent is clear in  the Figure 
16 spectrum of the aminomethyl derivative. I t  is often impossible to tell 
from the plot how many bonds are involved between the proton and 
carbon th a t are long-range coupled. M any of the  protons show coupling 
to more than  one carbon. The method usually minimizes the in tensity  of 
single bond couplings bu t they may still appear. The long range 
coupling information, however, is not lim ited to even th ree  bonds. The 
problem is to distinguish among these couplings, ideally by a process of 
elimination. The goal is to determ ine the locations of carbons 11,
13 and 14.
Figure 17 shows the expanded COLOC spectrum  for Cs and a close 
peak. The contour plot shows th a t both of these peaks show long-range 
coupling to the m ethyl protons from the BPA residue. The major peak at
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148.8 ppm has already been identified from the  BPAPSF spectrum  as Cb. 
The smaller peak in  Figure 17 is, therefore, identified as Cn. This peak 
and the neighboring 149.4 ppm resonance both show coupling to the 
isopropylidene methyl protons. The total COLOC spectrum  shows no 
evidence th a t there is any long range coupling between these carbons and 
any of the other protons in  the aromatic rings. This identification is 
crucial since there is another quaternary  carbon close by a t 151.7 ppm. 
That peak can now be easily identified as Cm, very close to the C5 position 
next to oxygen in the sulfone ring. The rem aining quaternary  carbon 
peak has to be C13.




th a t there were five protonated and five non-protonated carbon types on 
the aromatic rings. Identifications for the arom atic protons and 
protonated aromatic carbons are shown in F igure 18. The protons are 
easily identifiable by coupling pa tterns and the  already known positions 
of the protons on the sulfone rings. This enables direct identification of 
the  carbons to which these are bonded.
Figure 19 (top) shows the  13C NMR spectrum  for the aromatic 
region. Only nine carbons are clearly seen, bu t on expansion between 
about 131 and 132 ppm (Figure 19, bottom), i t  is seen th a t the large peak 
at 131.266 ppm has a shoulder a t 131.246 ppm. The expanded COLOC 
plot in  Figure 20 shows the  m ethyl substituen t is long-range coupled to 
three carbons. Of the three, two are non-protonated. The protonated 
carbon has already been identified from the HETCORR work. Protons He 
(meta to the methyl substituent) and H g (ortho to th a t functional group) 
both show coupling to the  quaternary  carbon a t 152.5 ppm. It was 
suspected th a t this is C m ,  partly  because th is carbon is next to oxygen.
In addition, the m ethyl substituen t protons show coupling to the 
quaternary carbon a t 131.1 ppm, identifying th is as the carbon directly 
bonded to th a t methyl, nam ely C 13. Finally, long-range coupling is seen 
between the ring m ethyl and the protonated carbon a t 131.6 ppm, 
identified from the HETCORR experim ent as C 12. The methyl groups 
from the BPA residue show long-rang coupling with the  non-protonated 
carbon at 149.2 ppm. This is close to the position of Cs (148.8 ppm) in 
the BPA residue when there  is no substitution. No evidence was found 
for other long-range coupling between these residue methyl protons and 
other carbons. I t was concluded th a t the peak a t 149.2 ppm is C11.
The rem aining two quaternary  aromatic carbons are known to be from 
the sulfone rings and  have been previously identified.
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These assignm ents made identification of the non-protonated 
carbons in  the ethyl and am inom ethyl derivatives facile. The peaks in 
substitu ted  rings of the amino derivative could not be assigned because 
the degree of substitution was too low a t 0.11. While the proton peaks 
associated with the amino functionality could be easily identified, there 
was insufficient signal-to-noise for detection of any carbon resonances 
resulting from substitution.
The nitro product p resents other problems in  th a t this very strong 
electron w ithdraw ing group produces a very different 13C spectrum from 
the other derivatives which are electron donating. Figure 21 compares 
the methyl-BPAPSF spectrum  (top) w ith the nitro-BPAPSF spectrum 
(bottom). While the spectra are on different scales, they cover roughly 
the same area. The aliphatic region is expected to be different because 
substituent protons (methyl) are p resen t in  one derivative while the nitro 
derivative, of course, has no substituen t protons.
The COSY spectrum  of nitro-BPAPSF (Figure 22) shows on the top 
horizontal axis the arom atic proton identifications. The Ha and Hb (on the 
sulfone ring) are known from already reported data. The position of Hr is 
obvious from the presence of both ortho and m eta couplings. This proton 
shows off-diagonal peaks th a t identify the positions of H e and Hg. I t  is 
apparent th a t the sm all coupling shown by the doublet centered in  the Ha 
doublet is H g with m eta coupling to Hf. This leaves the Hg proton (ortho
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coupled to Hf) partially  overlapping Hi, from the sulfone ring. These two 
proton types give the deceptive im pression th a t w hat is seen is a triplet.
The proton identifications combined with a HETCORR spectrum 
(Figure 23) allow rapid  identification of the protonated aromatic carbons. 
These are labeled in the figure. The question of the identities of the non- 
protonated carbons, however, rem ains.
A series of expanded COLOC plots (Figures 24 through 26) perm it 
the non-protonated carbons to be assigned. Figure 24 shows the position 
of Cn by its  long-range coupling to the BPA residue methyl protons. It is 
in teresting  to note in Figure 25 th a t both Hf and H g show long-range 
coupling to w hat is being identified as Cu. Proton He does not show 
coupling to th a t carbon although i t  is only two bonds removed versus the 
three bond distance from Cm for Hr and H K. If the lower field peak in 
Figure 25 were to be identified as Cm, however, i t  would difficult to 
explain the very long-range coupling of six bonds required by the 
coupling of th is carbon to the  BPA residue m ethyl protons (seen in 
Figure 24). As already discussed, th e  COLOC experim ent does not 
always directly show how m any bonds are involved in  the detected 
interaction. This is a case where an informed judgm ent is required.
Figure 26 is a not quite so expanded view to show the long-range 
couplings of aromatic protons to the rem aining quaternary  aromatic 
carbons. The positions of Ci and C.i (the la tte r  not shown) are already
54
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Figure 16
COLOC NMR Spectrum





















COLOC NMR Spectrum  of Aminomethyl-Bisphenol A Polysulfone 
Expanded to Show Q uaternary  Carbons Showing Long-Range Coupling 




F ig u re  18
COLOC NMR Spectrum  of Aminomethyl-Bisphenol A Polysulfone, 
Expanded to Show Protonated Aromatic Carbons
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F ig u r e  19
13C NMR Spectrum  of Methyl-Bisphenol A Polysulfone 








COLOC Spectrum  of M ethyl-Bisphenol A Polysulfone 
Expanded to Show Q uaternary  Carbons W ith Long-Range Coupling to 
the BPA Residue M ethyl Groups
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Figure 21
13C NMR Spectra 
Top: M ethyl-Bisphenol A Polysulfone(190 - 10 ppm, 
Broad-band Decoupling)
Bottom: Nitro-Bisphenol A Polysulfone (170 - 20 ppm, 
Inverse-G ated Decoupling)
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COSY Spectrum of Nitro-Bisphenol A Polysulfone, Aromatic Region
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Figure 23
HETCORR Spectrum of Nitro-Bisphenol A Polysulfone, Aromatic Region
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Figure 24






Expanded COLOC Spectrum of Nitro-Bisphenol A Polysulfone
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known from the  s tarting  BPAPSF studies. Carbon C 13 has to be the 
rem aining unassigned carbon, and is labeled in  the Figure. I t shows 
long-range coupling to both H e and H«.
For the amine derivative, with a DS of only 0.11, i t  is possible, in 
the vertically expanded spectrum  (Figure 27), to detect the three protons 
rem aining in substitu ted  rings. The coupling pa tte rn  alone perm its facile 
identification of these m inor resonances as there is no peak overlap. The 
13C NMR spectrum  was not useful for identifying resonances arising from 
substitution. The low DS made it impossible to detect new peaks 
resulting  from the substitution.
Tables 1 and 2 sum m arize the peak assignm ents for protons and 
carbons, respectively. L iteratu re data on azide and bromine derivatives 
of BPAPSF are shown for comparison.
The DS for each polymer type was determ ined from the proton 
NMR spectrum. Results are expressed as the percentage of the BPAPSF 
repeat units th a t are substitu ted. Since there are two rings from the 
BPA residue, there is the possibility th a t both may be substituted. It is 
impossible to detect th is situation by NMR spectroscopy. Therefore, a DS 
calculation gives only the average substitution per BPAPSF unit. In all 
cases, the area of the m ethyl protons in the bisphenol A residue was 


















































Bisphenol A Polysulfone and Its Derivatives 




(J ~ 8.8, 4H)
NO»
7.88 (d)
( J ~  8.8,411)
7.03 (d) 7.05 (d)
(J ~ 8.8, 4H) (J -  8.7, 4H)
6.96 (d)
(J ~ 8.6, 2H)
7.25 (d) 
(J ~ 8.6, 2H)
1.70 (s) 1.67 (s)
7.08 (d)
(J ~ 8.4, 211)++++
7.42 (dd)
7.88 (d)
(J ~ 2.5, 2H)
— S° 2 -------O
Ha
Hb W " 9  < * 3O — 1\ -
/  '  CH3






NIL. CHtNH? CHa CHsCHa
7.82 (d)
(J -  8 .8 , 4H)
7.81 (d)
(J ~ 8.7, 4H)
7.81 (d)
(J ~ 8 .8 , 4H)
7.79 (d) 
(J ~  8 .8 , 4H)
7.03 (d)
(J ~ 8 .8 , 411)
7.01 (d)
(J -  8.7, 4H)
6.91 (d)
(J ~ 8.9, 4H)
6.93 (d)











1.70 (s) 1.67 (s) 1.66 (s) 1.68 (s)
6.79 (d) 




(J ~ 8.4, 2H)
6.81 (d)
(J -  8.4, 2H)
6.63 (dd)
(J ~ 8.3 +++)
7.09 (dd)
(J ~ 8.5; J ~  1 .8 )
7.03 (dd)
(J ~ 8.4; J  ~ 1.8, 
2H)
7.05 (d+) 
(J ~  8.5, 2H)
6.70 (d) 
( J ~  1.2)
7.23 (d) ** 
(2H)
7.11 (d) 
( J ~  1.8*, 2H)
7.13 (s++) 
(2H)
N = N = N
7.87 (d) 
(4H)
6.95 - 7.03 (m)
6.95 - 7.03 (m)
6.95 - 7.03 (m)
1.71 (s)
6.95 - 7.03 (m)
6.95 - 7.03 (m)
6.95 - 7.03 (m)
(table continued)
Peak R = J L  NOj N ib .  CH;NIH CHa
Location
-NH2 - - 2.82 (s)
-CH2NH 2  - - - 3.68 (s)
-CH2NH 2 - - - 2.-11 (s)
-CH3 . . .  . 2.08 (s, 3H)
-CH2CH3 . . .
-CH2CH3 . . .
* The m eta coupling is visible bu t not peak-picked by the computer
** This peak is obscured by Ha.
+ Doublet appears to be broadened by m eta coupling but it is not resolved. 
++ Singlet is broadened, apparently from m eta coupling.
+++ M eta coupling is visible bu t not well resolved.
++++ The ortho coupling constant could not be accurately m easured because 
of severe overlap with Hb.
CH2CH.3
2.50 (q)
(J ~ 7.4, 4HI
1.07 (t)
(J -  7.5, 6H)
Table 2
Bisphenol A Polysulfone and Its Derivatives 
13C Spectra Chemical Shifts (in ppm)
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When one of the arom atic ring protons is substitu ted  by another group, 
the rem aining th ree protons in th a t ring for the most p a rt no longer occur 
in  the non-substitu ted ring  locations. A ratio  of the area from a single 
one of these, or when possible from the average of two or all three, is 
obtained. Dividing th is area by 1/6 of the isopropylidene methyl area 
yields the DS.
For the  am ine and  aminomethyl derivatives, the num ber of 
substituents was determ ined directly from the average of these new 
resonances. As an example, Figure 27 shows the proton aromatic region 
of BPAPSF-NH 2 . The new proton resonances arising from substitution 
elsewhere in  the ring  give an average area of 2.08. No other resonances 
not present in  th e  s ta rtin g  BPAPSF were seen. The pa tte rn  of these 
peaks (one w ith ortho coupling, one with m eta coupling and one with 
both ortho and  m eta coupling) indicates th a t when substitution has 
occurred, there is no more than  one substituen t per ring. Therefore, the 
average of the th ree new peaks directly yields the num ber of introduced 
groups. The m ethyl area is 117.68. Dividing 2.08 by 117.68/6 yields a 
DS of 0.11.
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The same reasoning was applied to the am inom ethyl derivative, 
BPAPSF-CH2NH 2 , synthesized according to the scheme in  Figure 28 
In th is case, however, only two of the three new proton aromatic peaks 
were resolved. These were averaged for one DS m easurem ent. The 
amino protons were also utilized for the DS determ ination by dividing 
their area by two and obtaining the ratio to one-sixth of the BPA methyl 
area. I t  was not possible to m ake use of the m ethylene protons in the 
arom atic side group since it  is not a clean resonance.
The proton NMR spectrum  of the am inomethyl derivative shows no 
evidence of disubstitution w ithin a single ring. There are im purities of 
unknow n origin (refer to Figure 14 for both the carbon and  proton 
spectra). Of course, w ith an average DS of 0.76, there  are many rings 
th a t  are not substitu ted  a t all. The carbon spectrum  h ad  nine 
quaternary  arom atic carbon types (and possibly a ten th  not well resolved 
occurring under the 136.55 ppm peak). Only six would be expected for 
th is derivative if  there were no more than  one substituen t per ring. A 
to tal of ten  quaternary  arom atic carbons would be predicted for a product 
w ith both mono- and di-substitution. This assum es the disubstitution 
occurred only ortho to th e  oxygen. The protonated carbon total with the 
presence of disubstitution ortho to oxygen would be eight. A total of 
eleven such peaks were found. The origin of the  "extra" peaks is not 








Synthesis of Aminomethyl-Bisphenol A Polysulfone
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spectrum  peaks from disubstitution w ithin a ring are not resolved and/or 
are too small to detect. I t  was concluded th a t there  is some possibility of 
d isubstitution in this product.
For the aminomethyl derivative, the DS was also m easured by 
nitrogen analysis. The determ ined DS by nitrogen analysis was 0.70.
This is very close to the 0.70 and 0.82 obtained by the two by proton 
NMR calculations.
The DS calculation for the nitro derivative was dependent on the 
single resolved aromatic proton resonance (7.42 ppm) in  the substitu ted  
rings. This peak shows both ortho and m eta couplings, which can only 
occur if  the ring is monosubstituted. Interestingly, th is is the only 
polymer synthesized w ith unsubstitu ted  BPA th a t has a DS of greater 
th an  1. Indeed, the DS was found to be 2.16, indicating th a t all the BPA 
rings in  the product are substituted. Five quaternary  and five 
protonated aromatic carbons should be seen for th is m aterial. This 
prediction was confirmed by DEPT experiments.
No degree of substitution calculations were m ade on the 
phthalim idom ethyl derivative. The spectrum  was not clean enough in 
the alkyl region to m easure the side chain m ethylene area; the aromatic 
area was too complex.
The DS for the m ethyl and ethyl derivatives was expected to be 2.0 
since the s tarting  BPA was reported to be substitu ted  once in  each of its 
two rings. For the ethyl derivative, three methods were used to calculate
74
two rings. For the ethyl derivative, th ree m ethods were used to calculate 
the DS. All relied on the BPA methyl area to supply the relative num ber 
of BPAPSF repeating units.
(1) average of the  three sets of arom atic proton peaks in  the 
ethyl-substituted rings (at 7.13, 7.04 and 6.81 ppm) over 
one-sixth the  BPA methyl area.
(2) one-half the methylene proton area (from the ethyl group) 
divided by one-sixth the BPA m ethyl area.
(3) one-third the  methyl proton area (from the ethyl group), 
divided by one-sixth the BPA m ethyl area.
The average of the calculated results (2.05) was close to the expected DS 
= 2.0 value.
The DS for the methyl-BPAPSF was calculated by two methods:
(1) the average of the three new sets of arom atic proton 
peaks (at 7.11, 7.04 and  6.83 ppm) over one-sixth the 
BPA m ethyl area.
(2) one-third the methyl substituen t area divided by one- 
sixth the BPA methyl area.
There was no evidence for more than  m onosubstitution in  a ring  in  the 
m ethyl derivative. There are only the predicted five arom atic carbons 
seen in  the carbon-proton correlation experiment. There are, however, 
only four of the predicted five quaternary  carbons. Peak degeneracy may
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account for th is observation. Table 3 lists the estim ated degrees of 
substitution for the BPAPSF derivatives studied.
Table 3
Estim ated degrees of substitution for the BPAPSF derivatives





-CH2CH.3 1.76; 2.25; 2.13
*The DS for the amino methyl derivative was also 0.70 by nitrogen 
analysis of the phthalim idom ethylated precursor.
C h a p te r  3 P o ly (y -s tea ry l-a ,L -g lu tam ate )
M eth o d s
M icro sco p y
The microscope, also used for the polarized light studies, was an 
Olympus model BH2 equipped with a M ettler FP82 heatable stage. The 
excitation band for the fluorescence work was 380-490 nm  (blue), with an 
observation band  of > 510 nm (green). The source was a m ercury lamp.
A dichroic m irror reflected blue light from the source to the sample and 
transm itted  green light to the objective.
D e u te r iu m  NMR 
A B ruker MSL-200 NMR spectrom eter was used to acquire the 2H 
NMR spectra. The probe is equipped w ith a variable tem perature 
accessory th a t perm its heating  of the sample a t least to 140 °C. Glass 
sample tubes, 5 mm in  diam eter and 2.5 cm in  length were packed with 
approximately a 1.5 cm depth of polymer packed as densely as possible. 
[Since th is is a solids analysis, inform ation was gained on the products as 
they m ight be used in  applications.] The tops of the tubes were covered 
w ith Teflon™ tape. This assembly was then placed in the  horizontal 
position in  the probe. The num ber of scans collected varied depending on 
the response of the  sam ple a t different tem peratures. At tem peratures 
above the m elting point of the  deuterated  PE, an in tense single sharp 
resonance was seen, even when as few as 10 - 12 scans were collected.
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Below the PE m elting point when crystallinity would s ta r t  to occur, the 
total resonance in tensity  was spread among several less in tense 
resonances and more scans (up to several thousand) were required.
The quad-echo pulse sequence shown below was used to acquire
the 2H NMK spectra:
DO D1 D6 D1 D5 ~
p i  — /  : \ ^ D W = 2 u s
5 s 2.5 25 2.5 26
us us us us
It was thought th a t  i t  m ight be possible to quan tita te  the 
deuterium  NMR data. In  order to be certain  th a t the spectra were 
acquired under quantitative conditions, i t  was necessary to run  spectra 
for the pure DPE and DPE in blends a t different tem peratures with 
different pulse delays. This provided an estim ate of the pulse delay need 
to provide spectra th a t could be quantitated . I t  was easily seen th a t for 
pure DPE a pulse delay of 10 seconds is sufficient for quantitation. 
Longer delays do not resu lt in any significant change in  the  appearance 
of the spectrum. Table 4 shows these estim ated delay tim es for pure PE 
and five weight percent DPE in  HMW PSLG.
The molecular w eight of the  DPE was determ ined by gel 
perm eation chrom atography (GPC) w ith a universal calibration based on 
high density polyethylene M ark-Houwink values. Four PLGel 20 micron 






Estim ated D euterium  NMR Delay Times 
To Perm it Q uan tita tion  in  D euterated Polyethylene




3C S ta rt of Pure DPE 10
heating  5% DPE in  HMW 5
PSLG
C H eating Pure DPE 5 - 1 0
5% DPE in HMW 5
PSLG
80 °C Cooling Pure DPE 
5% DPE in  HMW 
PSLG
5 - 10 
5
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at 145 °C. The injection volume was 200 pi with a sample concentration 
of 5 mg/ml.
Gel perm eation chrom atography separates molecules according to 
their hydrodynamic volume by passing the sample solution through a 
series of columns packed w ith m aterial w ith pores th a t may be of varying 
dimensions. The largest polymer molecules may be too big to penetrate 
any of the pores. These molecules then  simply pass around the packing 
and  exit the column relatively rapidly. As the molecular dimensions 
decrease, entry into the  pores becomes more likely. Passage through 
these spaces in  the  packing m ateria l resu lts  in increased elution times 
relative to the larger molecules. For the DPE sample, reported results 
are the averages of six determ inations. The weight average molecular 
weight (Mw) was 116,000 (a = 14,000). The m olecular weight 
distribution (Mw/Mn, where Mn is the num ber average molecular weight) 
indicates the degree of macromolecular polydispersity. For DPE, the 
molecular weight distribution (Mw/Mn) was found to be 7.4 (a = 0.8). An 
Mw/Mn this large indicates a very broad distribution. A monodisperse 
system has an Mw/Mn of 1. Poly disperse system s have molecules ranging 
widely in molecular weight. This can be either an advantage or a deficit 
depending on the product properties th a t  are sought. Much research 
effort is spent in  industry  to find the  proper balance of Mw and molecular 
weight distribution for optimum product performance.
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D iffe re n tia l s c a n n in g  c a lo r im e try
A Seiko DSC instrum ent, model 120 was used for this work. All 
m easurem ents were done under a  nitrogen atmosphere. Aluminum pans 
with covers were used both for the reference (empty) and sample. 
Approximately 10 mg of sam ple were used for each analysis. Pure 
indium  was used as a s tan d ard  to calibrate both the enthalpic change 
(the s tandard  AH is 28.6 mJ/mg) and  tem perature (the standard  m elting 
point is 156.4 °C)
F lu o re s c e n c e  p h o to b le a c h in g  re c o v e ry  
A p a tte rn  in  the  sam ple film (cast from boiling xylene onto glass) 
was bleached using a Ronchi ru ling  w ith 100 lines/inch, in samples in the 
rear focal plane of a microscope objective lens. An Excel Model 3000 
argon ion laser operating a t either 488 nm  angstrom s (blue) served as 
the fight source. The bleaching exposure ranged from 30 seconds to 2 
m inutes. After bleaching th e  sam ples were exam ined with an Olympus 
BH2 epifluorescence microscope equipped w ith a mercury vapor lamp for 
viewing the sample. The M ettler hot stage was ram ped in  tem perature 
a t about 5 °C per m inute. I t was necessary to remove the cover of the hot 
stage to focus a t 20X on the  sample. A H art model 1506 high precision 
therm om eter was used to correlate the tem perature read from the hot 
stage w ith the  actual tem perature. To find the tru e  tem perature, it was 
necessary to use the following calibration equation on the hot stage
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reading: True tem perature (°C) = 0.7 X hot stage reading + 5.3). Figure 
29 shows the calibration plot. D uring tem perature increases, the sample 
was not illum inated. This was to prevent unw anted bleaching of the 
sample by the observation beam. The tem perature increase was stopped 
every few m inutes to observe the condition of the sample. Video images 
of the sample were stored during these observation periods using a Dage 
SIT 66 camera. The im ages were digitized and stored on tape. NIH 
Image Software was used for process the  data. Individual video frames 
were too noisy to be used for analysis. Instead, approximately 15 frames 
from each observation period were averaged, yielding much more useable 
pictures. The image analyzer provided histogram s of the relative 
in tensities of selected areas w ithin the  to tal frame.
M aterials
The synthesis of PSLG from N-carboxy anhydride (NCA) 
monomers has been thoroughly reported elsewhere.23-70 Figures 30 and 
31 show the reactions to produce the  s ta rtin g  NCA and the 
polymerization of the NCA to form PSLG.23 Figure 32 shows the method 
for labeling the PSLG w ith the fluorescing dye.
Blends of DPE/PSLG and PE/PSLG were prepared by dissolving 
the components in  p-xylene (125 °C) a t a to tal polymer concentration of 
about 1 percent. The xylene solution was then  placed in  an open Petri 















Model 1506 thermometer temperature 
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Temp (deg C) read from Mettler hot stage
Y = 0.75X + 5.26 
r  = 0.997
Figure 29
Tem perature Calibration Plot for M ettler Hot Stage 
W ith Cover Removed
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Production of N-carboxyanhydride (NCA) Monomer
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HBT is the catalyst Hydroxybenzotriazole ^ CH
O'
DABCO has the structure
Nl
2 \  ^ C H 3
^ ( C H 2)16̂
THF
+ 1) Ethanolamine/HBT 
+ 2) 0=C=N-Fluorescein/DABCO
-HN CH CO HN CH CO~
where R is:






Labeling of Poly(y-stearyl-a,L-glutamate) with Fluorescent Dye
8 6
Results and discussion  
M icroscopy
Blends of varying levels of PE in  PSLG were examined by 
polarized light microscopy (PLM) and epifluorescence microscopy (EFM) 
to determ ine changes in  crystallinity of the system tem perature. Both 
heating  and cooling cycles were studied. The use of EFM with dye-labeled 
PSLG yields complementary inform ation to th a t obtained under polarized 
lighting conditions. Both can aid in  determ ining the distribution of the 
rigid rod PSLG in  PE. I t  is possible to positively identify the locations of 
the PSLG when the  proper wavelength light for fluorescence is used to 
observe the sample. Only the locations of the PSLG are seen. With PLM, 
crystallites for PE and nem atic liquid crystals of PSLG are revealed as 
w hite regions. The nem atic liquid crystalline state shows m inim al one­
dim ensional order. I t is m aintained on cooling from above the melting 
point of PE because on crystallization of PE there  can be little  motion of 
the rigid-rods of PSLG. This yields valuable inform ation on the types of 
order p resen t bu t has a lim itation. Even sometimes subtle differences in 
shapes or the presence of weak striations are valuable. The use of 
observe the sample. Only the locations of the PSLG are seen. PLM 
reveals crystallites for PE and  nem atic liquid crystals of PSLG as white 
regions. The nem atic liquid crystalline sta te  shows m inim al one­
dim ensional order. I t  is m aintained on cooling from above the m elting 
point of PE because on crystallization of PE there can be little  motion of
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point of PE because on crystallization of PE there can be little  motion of 
the rigid-rods of PSLG. This yields valuable inform ation on the types of 
order present bu t has a  lim itation. Even sometimes subtle differences in 
shapes or the presence of weak striations are valuable. The use of 
epifluorescence on blends containing dye-labeled PSLG can perm it 
positive identification of areas containing PSLG. In addition, comparison 
of the blends to the pure components under sim ilar conditions is a great 
help in in terpretation.
Reference polarized fight micrographs of the pure blend 
components are shown in  Figure 33. Both pictures were taken  a t room 
tem perature on cooling from above the PE m elting point. The top view 
(PSLG) has a distinctive cloudy p attern  th a t will be seen to be typical for 
th is polypeptide under nearly  all conditions. The bottom micrograph of 
pure PE shows a finely detailed assembly of m any sm all spherufites.
B len d  o f  10:90 PE :PSL G  
Figure 34 shows a PLM of 10:90 PE:PSLG taken a t room 
tem perature on cooling from 150 °C. A comparison of th is with the resu lt 
in  Figure 33 imm ediately shows th a t crystalline areas from PE 
(spherufites) and liquid crystal areas of PSLG (more nebulous regions) 
are present. H eating of the  sample produces modest changes in  the 
morphology (Figure 35). L ittle change is noted on heating  to 75 °C (top), 
a fu rther rise to 125 °C produces an increase in  nebulosity. This is
8 8
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F ig u re  33
Polarized Light Micrographs, 20X objective
Top: Poly(y-stearyl-a,L-glutamate) - room temperature from 180 °C
Bottom: Polyethylene - room temperature from 132 °C
50 (.i
F ig u re  34
Polarized Light Micrograph, 20X objective
10:90 Polyethylene:Poly(y-stearyl-a,L-glutamate)
room tem perature from 150 °C
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50 p 
F ig u re  35
Polarized Light M icrographs, 10:90 Polyethylene:Poly(Y-stearyl-a,L-
glutam ate), 20X objective 
Top : 75 °C (<— room tem perature <— 150°C)
Bottom: 125 °C (<- 75 °C <- room tem perature <- 150 °C)
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the likely resu lt of liquid crystal formation by PSLG. Figures 36 and 37 
show the pure components under the same conditions. Note th a t at 
125 °C (Figure 37), a consolidation of the PE crystallites is occurring and 
there is evidence for molten PE in the dark  area in the  upper righ t hand 
corner of the bottom picture.
A fu rther increase in tem perature to 132 °C shows liquid 
crystalline PSLG only in  the 10:90 PE:PSLG blend (Figure 38). Compare 
th is figure w ith Figure 39 for pure PSLG a t th is tem perature. The 
microscope view of pure PE under th is condition showed only a dark 
field, since all of th a t polymer had  melted. F u rth er heating  of the blend 
to 150 °C and then  175 °C resulted  in  very little  change (Figure 40, top 
and bottom). The same is true  of PSLG itself as seen in  Figure 41. 
Usually, the PSLG would form cholesteric LC (showing striations) as 
200 °C is approached.
Cooling of the blend back down to 125 °C and then  to 110 °C is 
shown in Figure 42. Crystalline PE reappears a t the lower tem perature. 
The typical cloudy structure for PSLG is seen a t 125 °C. The PE had  not 
crystallized a t th is tem perature, giving a totally dark field. On cooling to 
110 °C, the very typical morphology of both PSLG and PE, below its 
crystallization tem perature, is seen. Figure 43 shows PSLG a t 125 °C on 
cooling; Figure 44 shows both components a t 110 °C on cooling to th a t 
tem perature. The m icrographs are sim ilar. There is little  additional
92
50 p 
F ig u re  36
Polarized Light M icrographs, 20X objective 
Top : Poly(Y-stearyl-a,L-glutamate), 75 °C (<- Room Tem perature
<- 150 °C)
Bottom: Polyethylene, 75 °C (<- Room Tem perature <- 150 °C)
50 n 
F ig u re  37
Polarized Light Micrographs, 20X objective 
Top : Poly(y-stearyl-a,L-glutamate), 125 °C (<- 75 C° <- room 
tem perature <- 150 °C)
Bottom: Polyethylene, 125 °C (<- 75 C°<- room tem perature <- 150°C)
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F ig u re  38
Polarized Light Micrograph, 20X objective
10:90 Polyethylene:Poly(y-stearyl-a,L-glutamate), 132 °C (<- 125 °C < -
75 C° <- room temperature < -  150 °C)
50 p
Figure 39
Polarized Light Micrograph, 20X objective
Poly(y-stearyl-a,L-glutamate), 132 °C (<- 125 °C <- 75 °C
< -  room tem perature <- 150°C)
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F ig u re  40
Polarized Light Micrographs, 10:90 Polyethylene: Poly(y-stearyl-a,L-
glutam ate), 20X objective 
Top: 150 °C (<-132 °C <- 125 °C <- 75 °C <- room tem perature
<- 150 °C)
Bottom: 175 °C (<- 150 °C <-132 °C <- 125 °C <- 75 C°<- room 
tem perature <- 150°C)
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F ig u re  41
Polarized Light Micrographs, Poly(y-stearyl-a,L-glutamate), 20X objective 
Top: 150 °C (<-132 °C <- 125 °C <- 75 °C <- room tem perature
<- 150 °C)
Bottom: 180 °C (<- 150 °C <-132 °C <- 125 °C <- 75 °C <- room 
tem perature < -150 °C)
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Polarized Light Micrographs, 10:90 Polyethylene: Poly(y-stearyl-a,L-
glutam ate), 20X objective 
Top: 125 °C (<- 180 °C <- 150 C° <-132 °C <- 125 °C <- 75 °C 
<- room tem perature <-150 °C)
Bottom: 110 °C (<- 150 °C <-132 °C <- 125 °C <- 75 °C 
<- room tem perature <- 150 °C)
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Polarized Light Micrograph, Poly(y-stearyl-a,L-glutamate), 20X objective 
125 °C (<— 180 °C <- room tem perature <-150°C)
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F ig u re  44
Polarized Light Micrographs, 20X objective 
Top: Poly(y-stearyl-a,L-glutamate), 110 °C (<- 180 °C <- room 
tem perature <- 150 °C)
Bottom: Polyethylene, 110 °C (<- 130 °C <- room tem perature
<- 150 °C)
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change as th e  sample is cooled to near room tem perature (as 
dem onstrated in  Figure 45).
F igure 46 shows the micrographs of the  individual blend 
components on cooling back to room tem perature  after th is second 
heating  cycle. The morphologies are identical to those seen after the first 
cycle in  Figure 33.
Prolonged hea t treatm ent a t tem peratures exceeding the PE 
m elting point refines the liquid crystalline structure  of PSLG. Figures 47 
and  48 show micrographs taken a t three different tem peratures (135 °C, 
150 °C and 175 °C). All of these pictures were taken after a t least 2 
hours a t the corresponding tem perature. A comparison of morphologies 
seen a t these tem peratures with those of the pictures in  Figures 38 and 
40 shows a fu rth er refinem ent of the structu re  seen before. This is 
evidenced by an  increased density of the cloudy PSLG.
The m icrographs of Figures 47 and 48 are sim ilar. Increasing the 
tem perature above 135 °C does not yield increased LC structure. Figure 
49 shows the re tu rn  to room tem perature.
B len d  o f  15:85 P E :P S L G  
W ith a 50 percent increase in  the  PE content (from 10 to 15) there 
is a noticeable change in the blend structure. The room tem perature 
micrograph is shown in  Figure 50. A comparison with the  RT view of 
the  10:90 blend (Figure 34) shows an increase in  the num ber of PE
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F ig u re  45
Polarized Light Micrograph, 20X objective
10:90 Polyethylene:Poly(Y-stearyl-a,L-glutamate), 35 °C (<— 180 °C <-
room temperature <-150 °C)
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F ig u re  46
Polarized Light M icrographs, 20X objective 
Top: Poly(y-stearyl-a,L-glutamate), 35 °C (<- 180 °C <- room 
tem perature <-150 °C)




F ig u re  47
Polarized Light Micrographs, 20X objective 
Top: 10:90 Polyethylene: Poly(y-stearyl-a,L-glutamate), 135 °C, 12 h r 
(<- 35 °C <- 180 °C <- room tem perature <-150 °C)
Bottom: 10:90 PE: Poly(y-stearyl-a,L-glutamate), 150 °C, 6 h r 
(<-135 °C <- 35 °C <- 180 °C <- room tem perature <-150 °C)
105
50 [i 
F ig u re  48
Polarized Light Micrograph, 20X objective 
10:90 Polyethylene:Poly(y-stearyl-a,L-glutamate), 175 °C,
2 h r (150 °C <-135 °C <- 35 °C <- 180 °C <- room tem perature <-150 °C)
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Polarized Light Micrograph, 10:90 Polyethylene:Poly(y-stearyl-a,L- 
glutam ate), 20X objective , 
room tem perature (*-190 °C *-175 °C <- 150 °C <-135 °C <- 35 °C 
<- 180 °C *- room tem perature <—150 °C)
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Polarized Light Micrograph, 15:85 Polyethylene:Poly(y-stearyl-a,L- 
glutamate), 20X objective, room tem perature
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crystallites. The PSLG fraction is still showing up as a diffuse 
cloudiness, bu t i t  is even less well defined th an  in  Figure 34. Its overall 
appearance is most sim ilar to th a t of pure PE a t the same tem perature 
(Figure 33). The same 15:95 PE:PSLG blend is seen in Figure 51 after 
heating  from room tem perature to 75 °C (held a t tem perature for six 
hours) and  from room tem perature to 125 °C (held a t tem perature for 
th ree  hours).
A different region of the sam e sam ple is shown in Figure 52. 
M aintaining the sample a t 135 °C for 14 hours has increased the 
organization of the liquid crystalline regions. This confirms the PLM 
findings from the investigation of th e  10:90 PE:PSLG blend. On cooling 
to 100 °C (held a t tem perature for three hours) from 135 °C, Figure 53, 
the  round spherulites formed by crystallization of polyethylene 
reappear.
B len d  o f  80:20 P E .P S L G
Raising the PSLG concentration to 20% produces a pronounced 
Raising the PSLG concentration to 20% produces a pronounced change in  
the sam ple morphology. Figure 54 shows the  polarized and fluorescent 
light m icrographs for the same area of a film th a t had  been heated  above 
the  m elting point of the polyethylene m atrix. The film was allowed to 
cool to 120.6 °C, and held a t th is tem perature to minimize nucleation of 
polyethylene spherulites. In the polarized ligh t micrograph (top)
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Polarized Light Micrographs, 15:85 Polyethylene:Poly(y-stearyl-a,L-
glutam ate), 20X objective 
Top: 75 °C, 6 h r (<- room tem perature)




F ig u re  52
Polaxized Light Micrographs, 15:85 Polyethylene:Poly(y-stearyl-a,L-
glutamate), 20X objective 
Top: 135 0 C (<— 125 °C <- 75 °C <- room tem perature) 
Bottom: 135 ° C, 14 h r  (<— 125 °C <- 75 °C <— room tem perature)
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Polarized Light Micrograph, 15:85 Polyethylene:Poly(y-stearyl-a,L-
glutamate), 20X objective
100 °C, 3 h r ( < -  135 ° C <- 125 °C <- 75 °C <- room temperature)
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there are liquid crystalline domains w ith defined striations. These are 
positively identified as PSLG by the epifluorescence view in  the bottom of 
the figure. [Both pictures show a void in  the lower right corner.] 
Comparison of Figure 54 with the individual polymers a t the same 
tem perature (seen in Figure 55) shows th a t the 80:20 blend is more than  
ju s t a sum  of the parts. The high PE content is perm itting  the  formation 
of w hat looks like lyotropic liquid crystals. The epifluorescence 
micrograph also shows a well defined band of gray fluorescing PSLG 
surrounding the void. This may be low molecular weight PSLG, since 
PSLG with a broad molecular weight distribution was used in  this 
experiment. Figure 56 shows an 80:20 blend of dodecane w ith PSLG. 
This system was examined to determ ine if  a lower molecular weight 
homologue of polyethylene, known to dissolve PSLG, would perm it the 
form ation of lyotropic liquid crystals. I t is obvious th a t the polypeptide is 
soluble in  the dodecane, particularly  once the tem perature has been 
increased to about 50 °C. W hat is also strik ing  is th a t lyotropic liquid 
crystals are also formed a t elevated tem perature, as evidenced by the 
m any striations seen in  Figure 56.
The sample, at 126.8 °C (Figure 57, top), shows the formation of 
spherulites, round structures w ith a striation p a tte rn  and  a tendency to 
form a M altese cross-like dark bar fingerprint pattern . Molten PE is 
perhaps serving as a solvent to produce th is liquid crystal pattern . One
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M icrographs, 80:20 Polyethylene:Poly(y-stearyl-a,L-glutamate)
2OX Objective
Top: polarized light 126.8 °C (120.6 °C<— room tem perature <— 135 °C) 
Bottom: fluorescent hgh t 120.6 °C (<- room tem perature <- 135 °C)
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Polarized Light M icrograph, 20X Objective 
Top: Poly(y-stearyl-a,L-glutamate), 100 °C (<- 135 °C 
<- room tem perature)
Bottom: Polyethylene, 100 °C (<- 135 °C <- 125 °C <- 75 °C 
<- room tem perature)
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Polarized Light Micrograph, 80:20 Dodecane: Poly(y-stearyl-a,L-
glutamate), 160 °C
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may note th a t much higher tem peratures (of a t least 180 °C) are needed 
to observe the cholesteric morphology of pure  PSLG (personal 
communication from Dr. I. Negulescu). T hat these large, stria ted  
domains are PSLG is proven by the bottom micrograph of Figure 57. 
Here, the polyethylene has  completely m elted, as shown by the 
disappearance of the m any small, typical PE spherulites. These results 
are very different from those found for the pure  PSLG, a t the  same 
tem peratures, shown in Figure 58. Here, in  the  absence of anything th a t 
could act as a solvent, the  nebulous character of the polypeptide rem ains, 
with no evidence for liquid crystal assemblies.
Views of another region of the 80:20 PE:PSLG blend (Figure 59) 
also show the formation of lyotropic liquid crystals of PSLG with the 
concurrent loss of PE crystallinity. The fluorescent light micrograph of 
the same area (Figure 60) positively identifies these spherulites as PSLG. 
Again, as shown in  Figure 61, the pure PSLG a t the same tem perature 
shows only the nebulous crystal structure.
In Figure 62, th is b lend is cooled back to 120.6 °C (top) and then  to
109.4 °C (bottom). The top m icrograph shows evidence of a possible large 
(about 50 micron) PE spherulite forming. ( tow ard the upper right corner. 
I t  is known PE will form stria ted  spherulites from the m elt and  the size 
is controlled by the  extent of nucleation.76 Lowering the  tem perature 
below the PE m elting point promotes extensive nucleation and rapid
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F ig u re  57
Polarized Light M icrographs, 80:20 Polyethylene:Poly(y-stearyl-a,L-
glutam ate), 10X Objective 
Top: 126.8 °C (<- 120.6 °C <- room tem perature <- 135 °C) 
Bottom: 129.1 °C (126.8 °C <- 120.6 °C <- room tem perature <- 135 °C)
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Polarized Light M icrographs, Poly(y-stearyl-a,L-glutamate)
20X Objective
Top: 126.8 °C (<- 120.6 °C <— room tem perature <- 135 °C) 




F ig u re  59
Polarized Light Micrograph, 80:20 Polyethylene:Poly(y-stearyl-a,L-
glutamate), 2OX Objective 
Top: 124 °C (<- room tem perature <- 129.1 °C)




Fluorescent Light Micrograph, 80:20 Polyethylene:Poly(y-stearyl-a,L-
glutamate), 20X Objective
109.4 °C (<- 126.8 °C <- room, tem perature <- 129.1 °C 
<- room tem p era tu re )
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Polarized Light Micrograph, Poly(y-stearyl-a,L-glutamate), 20X Objective
124 °C (<— room temperature <- 129.1 °C)
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Polarized Light Micrographs, 80:20 Polyethylene:Poly(y-stearyl-a,L-
glutam ate), 20X Objective 
Top: 120.6 °C (<- 126.8 °C)
Bottom: 109.4 °C (<- 120.6 °C <- 126.8 °C)
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crystallization, as is shown in  the bottom photograph where most of the 
PE has crystallized in  sm all spherulites. There is still evidence for a 
large PSLG liquid crystalline domain in  the  bottom left corner.
B len d  o f  90:10 P E :P S L G  
Figure 63 clearly shows the chiral mesogenic phase of the PSLG at 
127.6 °C. Figures 64 and 65 confirm the resu lts  seen for the 80:20 blend. 
There are distinct LC domains of PSLG in  lyotropic phases.
B len d  o f  95:5 PE :P S L G  
This blend presents an in teresting  story. Two differently behaving 
areas of the film are seen in Figure 66. Both m icrographs in  the figure 
show an oval shaped area (a pool) surrounded by a region of differing 
morphology. The top micrograph (room tem perature from 220 °C) has 
spherulites of PE both inside and  outside the pool. On heating  to 130.1 
°C, it is seen th a t m elting of PE has taken  place in  the pool, leaving 
spherulites of liquid crystalline PSLG, showing the typical M altese cross 
bar pattern . This pool region is surrounded by an outer crystalline area 
of PE. This PE has larger aggregates th an  seen a t room 
tem perature because it  is near the m elting point and  is annealing, 
forming larger domains. Figure 67 shows th a t nem atic liquid crystals of 
pure PSLG do not show the M altese cross-bar p a tte rn  seen in  the pool. 
The region outside th is pool has a typical in  appearance for a nem atic LC.
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Polarized Light Micrograph, 90:10 Polyethylene:Poly(y-stearyl-a,L-
glutamate), 20X Objective, 127.6 °C
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Polarized Light Micrograph, 90:10 Polyethylene:Poly(y-stearyl-a,L-




Fluorescent Light Micrograph, 90:10 Polyethylene:Poly(y-stearyl-a,L-
glutamate), 20X Objective, 127.2 °C
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Polarized Light Micrographs, 95:5 Polyethylene:Poly(y-stearyl-a,L-
glutam ate), 5X Objective 
Top: room tem perature (<- 225 °C <- room tem perature) 
Bottom: 130.1 °C (<- room tem perature <- 225 °C 
<- room tem perature)
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Polarized Light Micrographs, Poly(y-stearyl-a,L-glutamate)
5X Objective 
Top: room tem perature (<— 225 °C)
Bottom: 130.1 °C (<- room tem perature <- 225 °C)
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Deuterium  NMR studies o f DPErPSLG blends
The polarized and fluorescence light microscopy studies 
necessarily were restricted to blends containing relatively high levels of 
PSLG. If  the levels of PSLG were decreased, it would gradually become 
more difficult to visually detect liquid crystals in  an increasing 
concentration of PE. D euterium  labeled PE (DPE) was available from 
Isotec for use in studying interactions between PE and PSLG. There 
were two reasons for not studying blends with high DPE content.
Firstly, there was only 1 gram of the DPE (at a price of $500). This was 
not nearly enough to study predom inantly DPE systems. Secondly, any 
interaction between the two blend components would be obscured by the 
overwhelming spectrum  from pure PE.
The basis spectra for pure DPE, on heating from am bient 
tem perature are presented in Figure 68. The top series of six spectra is 
from the lite ra tu re  (Sillescu) with perm ission.77 The weight average 
molecular weight (M w) and molecular weight distribution (Mw/Mn) 
reported by Sillescu are s  105 and s  10. These data were apparently 
reported by the supplier, Merck. The bottom set were acquired on the 
Chemistry D epartm ent's MSL-200 spectrometer. This NMR instrum ent 
is capable of acquiring both solid and liquid-state spectra on a num ber of 
nuclei.. While the two sets of spectra are certainly not identical, it m ust 














2H NMR Spectra 
Top: L iteratu re  spectra of Polyethylene77 
Bottom: Spectra acquired a t LSU of Isotec D euterated Polyethylene
F irs t heating  cycle
131
for identifying differences in  polymer m icrostructure, proportion of blend 
components, relative monomer concentrations, and so on. Any 
differences between the polym ers studied would be detected only as they 
affect the relative am ounts of crystallinity  in  the  samples. The 
crystallinity of the m aterial is detected as the  two outer relatively sharp 
peaks. There are two sm all broad peaks outside of the major crystallinity 
bands. These indicate th a t the sam ple is very rigid.72 Between these 
outer resonances is the central region th a t resu lts  from mobile regions of 
the polymer. As the tem perature is increased (Figure 68) the highly 
crystalline outer doublet decreases in  in tensity  with a concomitant 
increase in the relative in tensity  of the  central amorphous area. As the 
tem perature rises, more of the crystalline polyethylene segments become 
mobile and contribute to the central region area. That area decreases in 
w idth as mobility is increased w ith a resu lting  sharpening of the peak. 
When 383 K (110° C) is reached (Figure 68, top), the Pake intensity has 
been greatly reduced and  the  cen tral peak  is sharp. This very sharp 
peak is approaching the extrem e narrow ing lim it, where liquid conditions 
prevail. The bottom series of th ree  spectra in  Figure 68, on data obtained 
at LSU, shows the polymer a t 80 °C and a t 130 °C, well above the DSC 
determ ined m elting point for the  DPE of 117.2 °C.
I t is seen th a t additional narrow ing occurs after melting and th a t 
there is no trace of the Pake p a tte rn  rem aining. The literature spectra
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and those obtained a t LSU are fairly comparable a t sim ilar 
tem peratures.
There were no 2H  NMR spectra in  the litera tu re  for cooling of 
DPE. All reported data  in  th is herein were obtained a t LSU. Rapid 
cooling from the m elt to 80 °C yielded the top spectrum  in  Figure 69. 
There is a re tu rn  of the Pake doublet and  a broadening of the central 
mobile region, which re ta in s  a t its  m aximum an apparent trace of a 
sharp peak th a t is very highly mobile. The underlying broader area is 
likely amorphous (i.e., not crystallized) polyethylene. On cooling back to 
am bient conditions (Figure 69, bottom), the relative intensities of the 
Pake doublet is fu rth er increased, while there is little evidence for the 
very central sharp peak still seen a t 80 °C.
All of the blend (DPE/PSLG) sam ples were heated during sample 
preparation to above the  PE m elting point to assure as good mixing as 
possible. All of the sam ples described below, therefore, have the same 
h ea t history and  resu lts among these should be easy to compare. No 
solvent was used because PE is soluble only a t high tem perature. Even 
a t elevated tem peratures, few solvents will dissolve the PE. Those th a t 
will solubilize the  polymer, such as 1,2,4-trichlorobenzene, would be 
difficult to remove from precipitated  blends. The task  m ight be possible 
by successive dissolution/purification steps to recover the polymer.
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Figure 69
2H NMR Spectra of Pure D euterated Polyethylene 
Top: Cooled from m elt to 80 °C 
Bottom: Cooled from melt to RT
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B len d  o f  5 W eig h t P e rc e n t  D P E  in  HMW PSLG  
An exam ination of the spectrum  for th is blend taken  a t am bient 
tem perature, (Figure 70, top) shows th a t DPE in the blend has more 
am orphous character th an  the  pure DPE (Figure 70, bottom). At th a t 
tem perature, there  is a reduction, versus pure DPE, of the  in tensity  of 
the Pake crystalline doublet relative to the central (amorphous) region. 
While the data are only sem i-quantitative, th is conclusion is clearly 
justified by the obvious change in  the spectrum. These room tem perature 
da ta  provide clear evidence th a t there is an interaction, although small, 
between the DPE and th e  PSLG.
An in teresting  resu lt was noted on cooling th is sample from above 
the DPE m elting point. To cool the sample, the probe h ea ter was simply 
tu rned  off since there is no controller for th is process. When the sample 
was cooled to 80 °C (approxim ately 45 °C below the m elting point of the 
DPE), there was no reem ergence of the Pake pattern . T hat is, no 
crystallization was detected. I t  took approximately 35 m inutes for the 
sample to reach 80 °C. F igure 71 compares th is resu lt w ith the spectrum 
of pure DPE obtained under the sam e cooling conditions. I t  was this 
retention of the extreme narrow ing condition, in the DPE blend with 
PSLG, th a t prompted the DSC study to look for unusual transitions. 
Figure 72 (bottom) shows the  blend spectrum  after about 20 m inutes at 






Top: 5 wt. % D euterated Polyethylene in  Poly(y-stearyl-a,L-glutamate) 
room tem perature (no h ea t treatm ent)
Bottom: Pure D euterated Polyethylene, room tem perature (no h ea t
treatm ent)
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Figure 71
2H NMR Spectra
Top: 5 wt. % D euterated Polyethylene in  Poly(y-stearyl-a,L-glutamate) 
cooled from m elt to 80 °C, NS=17 
Bottom: Pure D euterated  Polyethylene, cooled from the m elt to 80 ° C
NS=208
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Figure 72
2H NMR Spectra
Top: 5 wt. % D euterated Polyethylene in Poly(y-stearyl-a,L-glutamate) 
cooled from m elt to 80 °C, NS=17 
Bottom: Pure D euterated  Polyethylene, cooled from the m elt to 80 ° C
NS=208
.138
rem ains (as seen in the sharpness of the central peak maximum). 
Superim posed on this is a broader central region from mobile DPE. In 
addition, i t  is seen th a t some of the Pake p attern  crystallinity is 
reappearing. The spectrum  of Figure 72 is very noisy because it was 
necessary to "catch" the behavior of the m aterial before fu rther changes 
occurred. Only 128 scans (i.e., NS = 128) were collected. While only 17 
were collected for the spectrum  in  Figure 73, virtually all of the DPE 
signal w ent into the single sharp  extreme motionally narrowed peak. 
After 20 m inutes, only a fraction of the DPE rem ains in th a t mobile state 
so the  in tensity  of this peak has dropped dramatically.
The experim ent was tried  again on the same DPE used above, bu t 
w ith modified cooling conditions. It was suspected th a t the tem perature 
h ad  been allowed to drop too rapidly, leaving insufficient tim e for the 
DPE to crystallize. This time, however, the sample was allowed to cool 
rapidly (i.e., w ithout any heater control) from the m elt (at 135 °C) only 
down to 115 °C. This process took five m inutes. At th a t tem perature, the 
extrem e narrow ing lim it (highly mobile, liquid-like behavior) was 
retained. The sample was then  cooled at the ra te  of five m inutes per 
degree (with m anual control of the heater) down to 80 °C. The sharp 
singlet for the  DPE was observed to rem ain a t all of the tem peratures 
down to and  including 80 °C, the DPE spectrum  (Figure 73, top) 
appearing identical to th a t for the  rapidly cooled blend in  Figure 72. If
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Figure 73
2H NMR Spectra of 5 Wt. % D euterated Polyethylene 
in  Poly(y-stearyl-a,L-glutamate)
Top: cooled slowly from m elt to 80 °C, NS=17 
Bottom: cooled slowly from the m elt to 80 ° C, NS=250
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the sam ple was held isotherm ally a t 80 °C, the Pake p a tte rn  started  to 
reappear in  less than  an hour (Figure 73, bottom). I t  is im portant to 
note th a t the cooling tim e to reach 80 °C was very close to three hours. 
D uring th a t entire time, there  was no evidence for re tu rn ing  
crystallinity.
The same sample preparation was heated  a th ird  tim e to the melt 
(135 °C). This time the sample was cooled slowly to 70 °C. The 
m otionally narrow ed peak  was seen for the firs t th ree m inutes at 
tem perature (Figure 74, top). After six m inutes, a spectrum  with the 
same num ber of scans h ad  a much lower signal-to-noise ratio, indicating 
a reduction in  in tensity  of the motionally narrow ed band  (Figure 74, 
bottom). The object of th is th ird  cooling cycle was to see w hether the 
extrem e motionally narrow ed peak would be retained, or re-gained, 
when the  sample was re-heated to 80 °C. The appearance of the extreme 
motionally narrow ed peak on heating back to 80 °C would prove th a t the 
behavior noted on the cooling of the sample to th is tem perature is not 
ju st a  super-cooling (or kinetic) process. W hen the tem perature was 
elevated by ten  degrees to 80 °C (over a period of about seven minutes), a 
very noisy spectrum  was obtained (Figure 75) indicating, while some 
fraction of the highly mobile DPE rem ained, m uch of th a t polymer had  
crystallized. This conclusion was reached although the  Pake p attern  was 
not in  evidence. W ith the lower num ber of scans required to get a quick
Figure 74
H NMR Spectra of 5 Wt. % D euterated Polyethylene 
in  Poly(y-stearyl-a,L-glutamate)
Cooled Slowly from the Melt to 70 °C 
Top: NS = 12; tim e a t tem perature = 3 m inutes 
Bottom: NS = 12; tim e a t tem perature = 6 m inutes
F igu re 75
H NMR Spectrum  of 5 Wt. % D euterated Polyethylene 
in  Poly(y-stearyl-a,L-glutamate), NS = 24 
Cooled Slowly from the Melt to 70 °C 
H eld a t 70 °C for 6 M inutes 
Spectrum Acquired 2 M inutes After H eating to 80 °C
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look a t the polyethylene, only the very in tense sharp  resonance for the 
mobile s ta te  was seen. The very high noise level shows, however, th a t 
th is peak  is not nearly as intense as those seen a t 70 °C (Figure 74). The 
only possible explanation is th a t a significant degree of mobility is being 
lost as crystallization is occurring. This resu lt is not surprising, since 
even after only six m inutes a t 70° C, evidence for the re tu rn  of the Pake 
p a tte rn  was seen. T hat compares with the longer, bu t still ra th er short, 
20 m inutes or longer tim e on cooling to 80 °C th a t elapsed before 
evidence for the Pake doublet was found. The resu lt reported here for 
re-heating is, therefore, not surprising. In  addition, cooling of the sample 
to am bient conditions (where the Pake p a tte rn  re tu rned  a t an intensity  
sim ilar to th a t  of the first heating  cycle) and then  reheating  to 80 °C did 
not give a spectrum  w ith a single, sharp band. Instead, retention of the 
Pake p attern , a t reduced intensity, was observed.
The data on cooling of the polymer lead to the suggestion th a t a 
transition  of some type is occurring below the norm al DPE crystallization 
tem perature. The Pake p a tte rn  does not occur during the entire slow 
cooling tim e of m inutes from the m elt to 80 °C, bu t occurs in  20 m inutes 
a t th a t tem perature and  even more rapidly a t 70 °C. This strongly 
suggests th a t a transition  is occurring somewhere in  th is region, 
although an exact tem perature for it  cannot be determ ined from the
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NMR data. W hether th is is a kinetic or thermodynamic event cannot be 
determined.
Blend of 2.7 W eight Percent DPE in HMW PSLG
The DPE room tem perature spectrum  for th is blend (Figure 76) is 
very sim ilar to th a t of the 5 weight percent DPE sample (Figure 70, top). 
In both blends, there is greater am orphous character in  the blended than  
in  the pure DPE, indicating some interaction between the blend 
components.
W hen th is blend was cooled rapidly to 80 °C, however, the Pake 
p attern  was superimposed on the motionally narrowed peak (Figure 77, 
top). This is in  contrast to the 5 weight percent blend where only the 
motionally narrow ed resonance was detected. In addition, the spectrum 
was essentially identical to th a t obtained on heating  to the same 
tem perature (Figure 77, bottom).
Slow cooling, as described above for the five weight percent blend, 
yielded resu lts sim ilar to th a t blend. Figure 78 shows th is spectrum. 
While, contrary to the case for the five weight percent sample, there is 
some evidence for the appearance of the Pake doublet, the central peak is 
still extremely narrow, showing little  if  any appearance of an amorphous 
component. In  addition, the lower DPE content in  th is sample 
necessitated the  acquisition of more scans, allowing more tim e for loss of 
the  narrow  peak.
Figure 76
H NMR Spectrum of 2.7 Wt. % D euterated Polyethylene 
in Poly(y-stearyl-a,L-glutamate), NS = 6410 
room tem perature
Figure 77
2H NMR Spectra of 2.7 Wt. % D euterated  Polyethylene 
in  Poly(y-stearyl-a,L-glutamate)
Top: Rapidly cooled from the m elt to 80 °C, NS = 4478 
Bottom: H eated from RT to 80 °C, NS = 4830
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Figure 78
2H NMR Spectrum  of 2.7 Wt. % D euterated Polyethylene 
in  Poly(y-stearyl-a,L-glutamate)
80 °C, Slowly Cooled from the Melt, NS = 95
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Blend of 2 W eight P ercent DPE in IIMW PSLG
The obtainable signal-to-noise (S/N) ratio  s ta rted  to be a lim iting 
factor on how rapidly useable spectra could be obtained on the 2.7 weight 
percent DPE blend. This factor is even more significant here and 
indicates th a t 2 percent is near the m inim um  level for useful deuterium  
NMR experim entation for these blends.
The spectrum obtained on cooling to 85 °C from the melt, shown in 
Figure 79, shows retention of the motionally narrow ed peak. The S/N is 
very low after even 98 scans. I t is difficult to determ ine w hether there is 
a significant retu rn  of the Pake p attern .
Differential Scanning Calorim etry A nalysis 
DPE:PSLG Blends
Before studying the therm al behavior of blends, i t  is im portan t to 
understand  the behavior of the components. The constituents of the 
blends reported here were PE or DPE and the same high molecular 
weight PSLG (M« s  200K) used for the  NMR work. In the blends, a 
concentration range was studied sim ilar to th a t used for the NMR work 
(2 - 5 weight percent DPE).
Deuterium  NMR studies on the blends indicated th a t, on cooling 
from above the melting point of the DPE, the DPE retained  entirely 
highly mobile behavior even as low as 80 °C. For the DSC work of th is 
thesis, only transitions above about 60 °C were of in terest since
149
Figure 79
2H NMR Spectra of 2.0 Wt. % D euterated Polyethylene 
in  Poly(y-stearyl-a,L-glutamate)
85 °C, Cooled from the Melt, NS = 78
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th is range would cover th a t in  which in teresting  behavior was noted in 
the NMR spectra.
Figures 80 and 81 show the heating  and cooling curves for pure 
DPE. Three rates of tem perature change were used for most of the work: 
1 °C, 5 °C and 10 °C. No peaks are seen in  either figure below about 105 
°C. In  Figure 81 for the cooling cycles, i t  is seen th a t  an increase in  the 
cooling ra te  produces a lowering of the crystallization tem perature.
H eating and cooling curves for the pure PSLG (Figures 82 and 83) 
show no therm al events above 65 °C. Below th a t tem perature are the 
alkyl side chain melting and crystallization transitions.
We selected the blend containing 2.7 weight percent DPE for 
detailed DSC analysis. Figure 84 shows the heating curves. There is a 
new DSC transition centered a t about 95 °C th a t is m ost obvious a t the 
fastest ra te  of tem perature increase, 10 °C/minute. There is some 
evidence for another new event n ear 80 °C. These transitions are clearly 
new since neither of the components showed therm al events in this 
range.
The cooling curves for the  2.7 weight percent DPE blend (Figure 
85), all show new therm al transitions, bu t the  num ber is dependent on 
the  cooling rate. The in term ediate 5 °C/minute experim ent shows two or 
th ree transitions. The other two cooling ra tes resulted  in  one major 









Pure D euterated  Polyethylene DSC H eating Curves 
Top: 1 ° C/minute 
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Figure 81
Pure D euterated  Polyethylene DSC Cooling Curves 












Pure Poly(y-stearyl-a,L-glutamate) DSC H eating Curves 
Top: 1 ° C/minute 
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Figure 83
Pure Poly(y-stearyl-a,L-glutamate) DSC Cooling Curves 
Top: 1 °C/minute 











F ig u re  84
2.7 Wt. % D euterated Polyethylene in Poly(y-stearyl-a,L-glutamate)
DSC H eating Curves 











F ig u re  85
2.7 Wt. % D euterated Polyethylene in Poly(y-stearyl-a,L-glutamate)
DSC Cooling Curves 
Top: 1 °C/minute 
Middle: 5 °C/minute 
Bottom: 10 °C/minute
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The broad and low in tensity  n a tu re  of these peaks m akes it difficult to 
assign a transition tem perature. Also noted was the already discussed 
drop in  the m ain DPE crystallization tem perature w ith increases in the 
cooling rate.
Figures 86 and 87 are a comparison of the cooling curves for pure 
PSLG, pure DPE and 2.7 weight percent DPE in  PSLG cooling curves. 
Figure 87 shows the derivative plots. These indicate a ra te  of change in 
the therm al events. I t  is very clear in  these curves th a t several therm al 
events are found in  the blend th a t neither component exhibits. Figure 
88 shows the normal and  derivative plots for the heating  of 2.7 weight 
percent DPE in PSLG. The heating  ra te  is 5 °C/minute. The curve shows 
th a t the new transition, centered a t about 97 °C, is approximately 1/10 
as intense as th a t for the DPE melting. These data are obtained from 
integration of the peak areas, which yields the enthalpies of the 
transitions.
A comparison of resu lts  for the  cooling of 2 percent DPE in LMW 
PSLG, 5 percent DPE in  LMW PSLG and 5 percent DPE in  HMW PSLG 
is shown in  Figure 89. The LMW PSLG has not been used in  the other 
work reported here. The 2 % DPE in  PSLG blend shows a new transition 
with a maximum a t about 71 °C. This event is totally absent from the 5 


















DSC Cooling Curves, 5 °C/min 
Top: Poly(y-stearyl-a,L-glutamate) 
Middle: 2.7 Wt. % D euterated Polyethylene in 
Poly(y-stearyl-a,L-glutamate);





























Derivative DSC Cooling Curves, 5 °C/min 
Top: Poly(y-stearyl-a,L-glutamate); Middle: D euterated Polyethylene; 
Bottom: 2.7 Wt. % D euterated  Polyethylene in 
Poly(y-stearyl-a,L-glutamate)
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2.7 Wt. % D euterated Polyethylene in  Poly(y-stearyl-a,L-glutamate) 
DSC H eating Curves, 5 °C/min 

























DSC Cooling Curves, 2 °C/min 
Top: 2 percent DPE in  LMW PSLG 
Middle: 5 percent DPE in  LMW PSLG 
Bottom: 5 percent DPE in  HMW PSLG
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shown th a t the ra te  of cooling has an  effect on the num ber of transitions 
seen and their intensities. This is confirmed here. The 5 percent DPE in 
HMW PSLG system, however, does show an event w ith a maximum at 
about 73 °C.
The work w ith DPE blended w ith PSLG shows th a t something new 
and interesting is tak ing  place th a t is not found in  either pure 
component. Since th is is happening on both cooling and  heating, the 
transition^) is likely to be a therm odynam ic process. This information, 
and the tem peratures at which the transitions were occurring, was 
unavailable from the 2H NMR data.
DSC Studies o f N on-deuterated PE/PSLG
The scarcity of expensive deu terated  polyethylene made it 
im practical to study blends containing h igh levels of th a t polymer. 
Instead, non-deuterated PE was used. Caution m ust be used when 
comparing the DPE blend resu lts  w ith the  PE blend data. For PE, 14 % 
of the molecule is m ade up of 'H. In  DPE, the percentage of deuterium  in 
the polymer is 25. This can be expected to have a noticeable effect on the 
polymer behavior.
For this thesis, a series of blends ranging  from 95 down to 0.05 
weight percent PE in  PSLG was studied. The pure PE had  a 
crystallization tem perature of 122.6 °C and  a m elting endotherm at 
126.1 °C.
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At a cooling rate  of 40 °C/minute, the  unusual, new transition is 
seen in blends ranging from 10 down to 2 percent PE (Figure 90). The 
peak maximum rem ains close to 76 °C in  all of the blends. In addition 
there is a trend  toward a decrease in  the  PE crystallization tem perature 
as the percentage of its percentage drops. This is accompanied by a 
broadening of the crystallization event, which may be a resu lt of PE th a t 
is neither in  the pure state or in  to tal association with PSLG. There is 
probably an interm ediate or interfacial region between these two regions. 
D ata from the range of blends (Table 5) can be used to construct a plot of 
the percent PE in  the blended sta te  versus the total PE content known to 
be in  the m ixture by m aterial balance. [These data were obtained from 
the crystallization enthalpies. The sum  of the new crystallization and the 
typical PE crystallization enthalpies was divided into the enthalpy of the 
new event.] These data are in general agreem ent with theoretical 
treatm ents of Flory, in th a t very little  of the  random  coil is seen to be 
miscible w ith the rigid-rod. The plotted data, shown in  Figure 91, is an 
exponential decay. At levels of PE above 40 percent, only a minor 
fraction of the PE is in close contact w ith PSLG. This begins to change 
below forty percent PE. The PE "blended" or in  association with the 
PSLG rises rapidly, until at about 7 percent PE, nearly 88 percent of it 
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T a b le  5
DSC D ata for Blends of Varying Levels of Polyethylene 
in  Poly(y-stearyl-a,L-glutamate) ,
Total PE Content Percent of Total PE 





































PE Blended with PSLG 
Vs. Total PE in Sample
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Figure 91
Polyethylene in  Blended S tate Vs. Total Polyethylene Content
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F luorescence P hotobleaching Recovery
A prelim inary look was taken  a t the self-diffusion of labeled PSLG 
in  the  bulk  system. The lite ra tu re  h ad  shown no other reports of 
polypeptides being studied in  a solventless m atrix. I t is known from 
DSC work th a t the aliphatic side chains in  PSLG m elt a t about 50 °C. 
As discussed earlier, the m elted side chains enable the solubilization of 
the hydrophilic main chain in  organic solvents. I t was not known, 
however, if th is m elting would perm it translational mobility (i.e., 
diffusion) of the  polymer in  bulk. The resu lts reported here show for the 
first tim e th a t diffusion does indeed occur n ear the side chain melting 
tem perature. This was the  m ain purpose of the  study. It would be 
in teresting  to know the diffusion coefficient. T hat determ ination will be 
the subject of fu ture work.
Figures 92 and 93 show averaged video fram es taken  under 
fluorescent conditions. The bleached areas are the dark fines in the 
pictures. Areas th a t were not exposed during preparation to the laser are 
of the fight in tensity  differences between the bleached and unbleached 
areas. In  Figure 92 (top, 37.2 °C ) , the grid p a tte rn  is clearly visible. The 
grainy texture of the picture m ay be due to sample contam ination with 
dust, although a la te r quick study of a carefully filtered sample still did 
not yield a uniform film. Im provem ents m ight be made in the film 
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Figure 93
Poly(y-stearyl-a,L-glutamate) Grid Pattern
Top: 55 °C; Bottom: 64.6 °C
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fa r from the approximately 50 °C m elting point maximum for the PSLG 
side chains). By the tim e 55 °C was reached (Figure 93, top), only a 
slight trace of the grid p a tte rn  rem ains in the histogram. Even th a t has 
disappeared a t 64.6 °C. I t  is clear from these results th a t  polymer 
diffusion is occurring as the stearyl side chains melt.
D uring observation, the sample is caused to fluoresce by UV light 
em itted by a m ercury lam p. I t  is possible th a t this exposure would cause 
fu rth er photobleaching. To minimize th is possibility, the  mercury lamp 
was used only during the actual sample observation, not during the 
in tervening period which lasted  several m inutes. Furtherm ore, if 
significant photobleaching were occurring during picture taking, it 
would be expected th a t the  photographic field would become darker. 
Fewer molecules w ith still fluorescing dye would be present. This effect 
was not noted.
This work dem onstrates, for the first time, the utility  of the FPR 
method for studying diffusion in  solid poly(alkyl glutam ate) products. 
F u rth e r refinem ents could include m odulation detection, described 
earlier, to fu rther reduce the  possibility of unw anted photobleaching 
occurring during sample observation.
I t was necessary to estim ate the degree of labeling of the PSLG. 
UV analysis was used. Table 6 shows concentration versus absorbance 
da ta  acquired on THF solutions of "standards" contain ing varying levels
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of the dye fluorescein isothiocyanate. Figure 94 shows the  excellent 
correlation coefficient obtained for the absorbance versus concentration 
data. These very good calibration results were used to calculate the 
am ount of dye in  several PSLG and PBLG samples. The data are shown 
in  Table 7.
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Table 6
UV D ata for Fluorescein-isothiocyanate S tandards 






FIC-1 444.8 0.138 0.004
FIC-2 440.6 0.640 0.052
FIC-3 442.3 0.690 0.056
FIC-4 443.9 1.710 0.182
Linear PSLG N -l 
Fluor-ITC
480.8 8.53 0.004

























Concentration (mg/ml) of Fluorescein-isothiocyanate





0.15 0.200.00 0.05 0.10
UV Absorbance
Linear Regression: 
Y = 8.641X + 0.159 
R = 0.9974
F ig u re  94
Calibration Plot for Determ ining Fluorescein-isothiocyanate Content 
of Labeled Poly(y-stearyl-a,lglutam ate)
Table 7
D eterm ined Fluorescein-isothiocyanate Content 
for a Series of Poly(glutamates)
Sample Calculated Weight
Percent Fluor-ITC
Linear PSLG N -l 2.3
Fluor-ITC









C hapter 4 C onclusions
Poly (aryl ether) sulfones
The extensive NMR work on the poly (aryl ether) sulfones 
identified all of the carbon resonances in several of the products for the 
first time. This work is very im portant in  providing not only degree of 
substitution data, but also in  positively identifying the  site of 
substitution beyond question.
No evidence was found for di-substitution in any of the derivatives, 
w ith the exception of the methyl and ethyl functional groups. In  those 
cases, the synthesis s tarted  w ith bis-phenol A, purchased commercially, 
th a t was known to be di-substituted. While quantitation  by NMR can be 
tricky when low levels of a functionality are being m easured, it is 
reassuring  to note th a t nitrogen analysis agreed very closely with the 
NMR result for the aminomethyl derivative. This provides confidence in 
the calculated results for the h igher DS products and provides some 
validity for the resu lt on the only slightly substitu ted  amino derivative. 
D ata such as those collected on the BPAPSF's in  th is thesis can be 
related  to gas perm eability studies as shown by M cHattie, Koros and 
Paul.7
Poly(y-stearyl-a,L-glutamate)
The polarized and epifluoresence ligh t microscopy resu lts are 
m arkedly different at the extremes of the  PE concentration range. At
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levels of PE (10 - 15 percent), the m icrographs clearly show no detectable 
interaction between the components. The pictures indicate th a t there are 
two independently behaving polymers. The morphologies seen in the 
blends a t different tem peratures are entirely consistent w ith the pure 
polymers under the same conditions. Suspected interactions seen by 2H 
NMR and DSC occur for only a sm all percent of the PE. I t  is, therefore, 
not surprising th a t any such in teraction would not be detectable by 
microscopy. The microscope is best su ited  for exam ining the general 
morphology of the bulk sample.
When the PE level reaches 80 percent and higher, however, the 
situation changes dram atically. There is no evidence in  the blends th a t 
the polymers are behaving in  anyway like the pure products. Indeed, 
spherulites of liquid crystalline PSLG are seen in  a PE m atrix. These 
spherulites are typical of lyotropic systems and show th a t the PE may be 
acting as a solvent for the  PSLG. On the  other hand, it may be th a t the 
concentration of PE is so overwhelming th a t the PSLG is forced into a 
spherulitic structure.
I t was decided to exam ine the  interaction between perdeuterated 
PE and normal PSLG by both NMR and DSC. Specifically, the initial 
study was to determine if  PE would show any alignm ent in  an aligned 
m atrix  (i.e. LC PSLG). No other researchers have reported on the 
PE:PSLG system. In particu lar, changes in  the spectrum  as the 
tem perature was varied betw een am bient conditions and  the melting
177
tem perature was varied between am bient conditions and  the melting 
point of PE were sought. Very good reference spectra of perdeuterated 
PE a t different tem peratures were compared w ith the experim ental 
samples of th is dissertation. This first study showed no evidence for 
alignm ent of the PE in PSLG. T hat is, no new peaks not found in pure 
DPE were found.
Evidence was found, however, in  both the  NMR and DSC work for 
an interaction between these two polymers. In a paper by Flory and 
Leonard78 it is stated  th a t for a typical rigid-rod, as the concentration of 
solvent is decreased, the rods go from a situation in  which then  can 
occupy any oxientation relative to each other to one in  which space 
lim itations force them  into a sem i-parallel assembly. Actually, phase 
separation occurs before this assemblage can form in  solution. This 
phenomenon is also m entioned by Sato et a /.79 For rigid-rods with 
flexible side-chains (PBLG was studied most extensively), data on 
reduced vapor pressure versus volume fraction of pyridine do not match 
the theoretical response. M easured reduced vapor pressures were 
significantly below the theoretical values. The resu lts  are independent of 
the PBLG molecular weight. No evidence was found for the sorption of 
solvent in voids between the helices of PBLG. The researchers noted th a t 
the helical structure is re ta ined  in  the  proper solvent even in  
concentrated solutions. They note th a t while the helical structure is not
disrupted a t high concentrations, th is  says nothing about w hat happens 
with the side chains. In  fact, their resu lts  support the idea th a t the side 
chains are in  random configurations even when no solvent is present. 
They state  th a t "if they (m eaning the  side-chains) are relatively large and 
possess bonds susceptible to rotation, molecules of the diluent may mix 
with the side chains. The entropy associated w ith dispersion of solvent in 
th is m anner may easily dom inate the  entropy attributable to mixing of 
solvent with impervious rods." Furtherm ore, "the solution process in the 
region of small volume fractions of solvent will be largely dependent on 
the nature and  size of the side chains attached to the  m ain chain 
backbone." Certainly, the steary l side chain is a large one with rotatable 
bonds. They fu rther s ta te  th a t "The mixing of side chains with solvent 
produced, in effect, a repulsion between the solute particles. In this 
respect, the action of the side chains finds paralle l in  the stabilization of 
colloidal particles of carbon black suspended in  organic media by 
adsorption of aromatic compounds bearing long aliphatic side chains."
For two particles stabilized in  th is way, there  is an entropy decrease 
resulting from "unmixing" of the  side chains. There is now a repulsion 
between the rods. The researchers expected the polypeptides with 
shorter side chains than  PBLG will conform more to the expected rod-like 
properties.
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A much more recent Flory publication80, suggests th a t there can be 
little mixing of the rigid-rods and  coils. His theory describes ternary  
systems of coils, rods and solvent. Any bu t the most m inute 
concentration of polyethylene (a random  coil) in  the PSLG would cause a 
large increase in  the  free energy of the  liquid crystalline phase. Although 
the crystal is "liquid", the order p resen t "rejects" the random coils, which 
occur in the  isotropic (liquid) phase. Interestingly, he notes that, while 
the coils are excluded from the "crystal", they still affect the composition 
of the anisotropic phase. The liquid crystal chemical potential is 
increased. This factor leads to a fu rth er concentration of the random 
coils in  the isotropic state.
While th is la test Flory theory involves ternary  systems, th a t 
examined in  th is thesis is binary. I t  is possible th a t it is more 
appropriately described by the earlier paper discussed above. In this 
case, the polyethylene is the solvent. In  any event, both the 2H NMR 
and DSC data  indicate th a t only a sm all proportion of the total random 
coil content is directly in teracting  w ith th e  rigid-rods of PSLG.
The question arises as to w hether the therm al transition seen in 
the DSC on sample cooling is ju s t kinetic or a real thermodynamic 
transition. The work w ith the non-deuterated PE/PSLG blend on heating 
also showed a new event not found in  either component, indicating a 
possible therm odynam ic transition. Furtherm ore, even a t room 
tem perature, i t  was seen th a t there is some type of interaction between
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tem perature, it was seen th a t there  is some type of interaction between 
DPE and PSLG. Work w ith these samples, which covered a wide range 
of PE concentrations from close to zero to near 100 percent, is in general 
agreem ent w ith Flory in  th a t very little  of the PE was found to mix with 
the PE.
F lu o re sc e n c e  P h o to b le a c h in g  R eco v ery  
The in itia l study of photobleaching recovery in solid PSLG 
dem onstrated for the first tim e th a t a t tem peratures near the melting 
point of the alkyl side chains, self-diffusion of the polymer occurs. This is 
the first application of th is powerful method to a solid polyglutamate. It 
shows the potential of the m ethod for studying diffusion in  these 
polypeptides.
R eferences
1. Noshay, A.; Robeson, L.M. J ou rn a l o f  A pp lied  Polym er Science 
1986, 20, 1885.
2. W arshawsky, A.; K ahana, N.; Deshe, A.; Gottlieb, H.E., Arad- 
Yelllin, R. J o u rn a l o f  P olym er Science: P a rt A: P olym er C hem istry  
1990, 28, 2885.
3. H arris, J.E.; Johnson, R.N Polysulfones in E ncyclopedia  o f  
P olym er Science a n d  Technology, 2 n d  ed ition  13 (J.T. 
Kroschokowitz, Ed.) p. 196, J. Wiley and Sons, New York, 1990.
4. Henis, J.M.S.; Tripodi, M.K. S epara tion  Science a n d  Technology 
1980, 15(4), 1059.
5. M uruganadam , N.; Koros, W.J.; Paul, D.R. Jou rn a l o f  Polym er  
Science: P a rt B: P olym er P hysics  1987, 25, 1999.
6. Ghosal, K.; Chern, R.T.; Freem an, B.D. Jou rn a l o f P olym er  
Science: P a rt B: P o lym er P hysics  1993, 31, 891.
7. M cHattie, J . S.; Koros, W. J.; Paul, D. R. P olym er  1976, 32(5), 840.
8. Pye, D.G.; Hoehn, H.H.; P anar, M. Jou rna l o f A p p lied  Polym er  
Science 1976, 20, 287.
9. K ahana, N.; Arad-Yellin, R.; Deshe, A.; W arshawshy, A. Jou rnal o f
Polym er Science: P a r t A  P olym er C hem istry  1990, 28 3303.
10. H ergenrother, P.M. Jo u rn a l o f  Polym er Science: P olym er C hem istry  
E d itio n  1982, 20, 3131.
11. Johnson, R.N.; Farnham , A.G.; Clendinning, R.A.; Hale, W.F.; 
M erriam, C.N. Jo u rn a l o f  P olym er Science: P a rt A - l  1967, 5B,
2375.
12. Daly, W. H.; Lee,S.; Rungaroonthaikul, C. ACS Svmnosium 
Series. 364. 4 (1988).




14. Bulai, A.Kh.; Urm an, Ya.G.; Slonim, I.Ya.; Bolotina, L.M.; 
Reitburd, L.Ye.; Gol'der, M.M.; Shapovalova, A.N.; Sivakova, R.N. 
P olym er Science U SSR  1982, A24(5), 1047.
15. Johnson, B.C.; Yilgor, I.; Tran, C.; Iqbal, M.; W ightman, J.P., 
Lloyd, D.R.; M cGrath, J.E . Journal o f  P olym er Science: Polym er 
C h em istry  E d itio n  1984, 22, 721.
16. Ghosal, K.; Chern, R. T. Jou rn a l o f M em brane Science 1992, 72,
91.
17. Ghosal, K.; Chern, R. T.; Freem an, B. D.; Daly, W. H.;
Negulescu, I. I. Subm itted to M acrom olecules.
18. Roos, F.H.; Daly, W.H.; Negulescu, 1.1., accepted by Jou rn a l o f  
M acrom olecu lar Science.
19. Esser, I.; Parson, I. W. P olym er C om m unications  1191, 32(17), 
1991
20. Guiver, M. D.; Robertson, G. P. M acrom olecules 1995, 28, 294.
21. Guiver, M. D.; Croteau, S.; Hazlett, J. D.; Kutowy, O. B ritish  
P olym er J ou rn a l 1990, 23(1 & 2), 1990.
22. Brownstein, S. K.; Guiver, M. D. M acrom olecules 1992, 25, 5181.
23. Daly, W.H.; Poche, D.; Negulescu, 1.1. Progress in P olym er science 
1994, 19, 79.
24. Colomer, F .J. R.; Ribelles, J. L. G.; Marci, J. L.; Guerra, S. M.; 
Polym er, 1991, 32(9), 1642.
25. Shibaev, Freidzon, Kostromin L iqu id  C rysta llin e  a n d  M esom orphic  
P olym ers (Shibaev and Lam, Ed.) Springer-Verlag, New York,
1994.
26. W atanabe, J.; Ono, H.; Uem atsu, I.; Abe. A M acrom olecules 1985, 
18, 2141.
27. W atanabe, J.; Goto, M.; Nagase, T. M acrom olecules 1987, 20,298.
183
28. Meirovitch, E.; Sam ulski, E.T.; Leed, A.; Scheraga, H.A.; 
Rananavare, S.; Nemethy, G.; Freed, J.H . J ou rn a l o f  P hysical 
C hem istry  1987, 91, 4840.
29. Poche, D.; Daly, W.H.; Russo, P.S. P olym er P reprin ts  1990, 31(2), 
418.
30. Rosenke, K.; Sillescu,H.; Spiess, H.W. P olym er  1980, 21, 757.
31. Sam ulski, E.T. Israel J ou rn a l o f C hem istry  1983, 23, 329.
32. Spiess, H.W.; A dvan ces in  P olym er Science 1985, 66, 23.
33. Hentschel, D.; Sillescu, H.; Spiess, H.W. M akrom oleku lare Chemie
1979, 180, 241.
34. Hoatson, G.L.; Void, R.L. S o lid -S ta te  N M R  III  - O rganic M atte r  (B. 
Bluemich, Ed.), Springer-Verlag, 1994, New York.
35. Hentschel, D.; Sillescu, H.; Spiess, H.W. M acrom olecules 1981,
14, 1605.
36. Bergman, K. Jou rn a l o f  P olym er Science: Polym er P hysics E d ition  
1978, 16, 1611.
37. Hentschel, D.; Sillescu, H.; Spiess, H.W. M acrom olecules 1981, 14, 
1605.
38. Hirschinger, J.; M iura, H., Gardner, K.H.; English, A.D. 
M acrom olecules 1990, 23, 2153.
39. M athias, L.; Colletti, R. F. M acrom olecules 1991, 24, 5515.
40. Komoroski, R.A., Lehr, M.H.; Goldstein, J.H.; Long, R.C. 
M acrom olecules 1992, 25, 3381.
41. Seelig, J.; Niedergerger, W. Jou rn a l o f  the A m erican  Chem ical 
Society  1974, 96(7), 2069.
42. Charvolin, J.; M anneville, P.; Deloche, B. C hem ical P hysics Letters  
1973, 23(3), 345.
43. Pschorn, U.; Spiess, H.W. M akrom oleku lare Chem ie 1986, 187, 
2711.
184
44. Geib, H.; Hisgen, B.; Pschorn, U.; Ringsdorf, H.; Spiess, H.W., 
J o u rn a l o f  the A m erican  C hem ical Society  1982, 104, 917.
45. Hsi, S.; Zimmermann, H.; Luz, Z. J ou rn a l o f  C hem ical Physics  
1978, 69(9), 4126.
46. Luz, Z.; Hewitt, R.C.; Meiboom, S. The Jo u rn a l o f  C hem ical 
P hysics  1974, 61(5), 1758.
47. M ueller, K.; W assmer, K.H.; Kothe, G. A dvan ces in  Polym er  
Science  1990, 95, 1.
48. Abe, A.; Yamazaki, T. M acrom olecules 1989, 22, 2138.
49. Gottlieb, H.E.; Luz, Z. M acrom olecules 1984, 17, 1959.
50. Negulescu, 1.1.; Daly, W. H.; Russo, P.S.; Poche, D.S. Polym er  
P reprin ts  1991, 32(1), 288.
51. Daly, W. H.; Poche, D. Polym er P reprin ts  1989, 30(1), 107.
52. Daly, W. H. ; Negulescu, 1.1. P olym er P reprin ts  1991, 32(3), 333.
53. Robinson, C. T etrahedron  1961, 13,219.
54. Robinson, C. M olecu lar C rysta ls  1966, 1, 467.
55. Sakamoto, R.; Osawa, A. M olecu lar C rysta ls  a n d  L iq u id  C rysta ls  
1987, 153, 385.
56. W atanabe, J.; Takashina, Y. M acrom olecules 1991,24,3423.
57. Sam ulski, E.T.; Tobolsky, A.V. B iopolym ers  1971, 10, 1013.
58. H anabusa, K.; Tanaka, O.; Koyama; T. Kurose., A; Shirai, H.; 
H ayakaw a, T.; Hojo, N. Polym er J ou rn a l 1988, 20(10), 861.
59. Sm ith, B.A. M acrom olecules 1982, 15, 469.
60. Wang, F.W.; Wu, E. P olym er C om m unications  1987, 28, 73.
61. M ustafa, B.M.; Tipton, D.L.; Barkley, M.D.; Blum, F.D. 
M acrom olecules  1993, 26, 370.
185
62. Inoue, T.; Nemoto, N.; Kojima, T.; K urata; M. P olym er Journal 
1988, 20(10), 869.
63. Wang, F.W.; Lowry, R.E.; Wu, E. P olym er  1985, 26, 1654.
64. Bu, Z.; Russo, P.S.; Tipton, D.L.; Negulescu, I.I. M acrom olecules  
1994, 27, 6871.
65. Furukaw a, R.; Arauz-Lara, J.L.; Ware, B.R. M acrom olecules 1991, 
24, 599.
66. Tinland, B.; M aret, G; Rinaudo, M. M acrom olecules 1990, 23(2), 
596.
67. ScaUetar, B.A.; H earst, H.E.; Klein, M.P. M acrom olecules 1989, 22, 
4550.
68. M ustafa, M.B.; Tipton, D.; Russo, P.S. M acrom olecule 1989, 22, 
1500.
69. Lanni, F.; Ware, B.R. R eview s o f S cien tific  In stru m en ta tion  1982, 
53(6), 905.
70. Friebolin, H. B asic One- a n d  T w o-D im ensional N M R  
Spectroscopy VCH Publishers, New York, 1993.
71. Schraml, J.; Bellama, J . M. Two D im ension a l N M R  Spectroscopy  
John Wiley and Sons, New York, 1988.
72. Crivello, J.V. Jou rna l o f  O rganic C hem istry  1981, 46, 3056.
73. Lee, S. D isserta tion , Louisiana S tate University, 1988.
74. Aniano-Ilao, M.N. D isserta tion , Louisiana S tate University,
1991.
75. Daly, W. H.; Poche, D. Tetrahedron  L etters  1988, 29(46), 5859.
76. Beach, D.L.; Kissin, Y.V.; E thylene P olym ers in  E ncyclopedia  o f  
P olym er Science a n d  E ngineering  2nd edition(Kroschwitz, J.I., 
ed.) 6, 457, John Wiley, 1986, New York.
77. Sillescu, H. Pure a n d  A p p lied  C hem istry  1982, 54, 621.
186
78. Flory, P.J.; Leonard, W.J. Jo u rn a l o f  the A m erican  Chem ical 
Society 1965, 87(10), 2102.
79. Sato, T.; Takada, Y.; Teramoto, A. M acrom olecules 1991, 24, 6220.
80. Flory, P.J. A dvances in  P olym er Science 1984, 59, 1.
Appendix: Letter o f Perm ission (for Figure 68, top)
1 9 9 5 - 0 S - 0 1  1 -4 : 2 S  [U PfiC  OXFORD I  0 1 2 6 3  7 -1 7 5 1 0  P . 01
International Union o f  Pure and Applied Chemistry
A m ember o f  the International Council o f  Scientific Unions
s.n:i«tt:n y  G enera l: Pro'fTO. den  3 o e f  (N etherlands! 
I ii-n.Mirur; P ruf. J . M . W a rd  (U K )
H. R oos — 1
3 r i v o ,  3 * eo n  R buge, LA 7 0 8 0 3 , USA 
+ |  S o - f  Cf 2Z
la  p a g e )
l a n c i f i c  P u b l i c a t i o n s  3 # c r s t a r y
P a r m f a g f c n  0 0  R g c r s d u c »  f r om i v p a c  ? u b i  f c a c l o n B
I n  r a o p o n s a - t o  y o u ;  f a x  d a t a d  SO J u l y  1 9 9 S ,  I am p l e a s e d  t o  g i v e  y o u
p e r m i s s i o n  n o  r e p r o d u c e  eha f o l l o w i n g  m a t e r i a l  f r o m  Pur* and A p p lie d
C h a m l s z r y  (PAC) . ' '
V o l .  5 4 , ( 1 9 3 2 ) ,  p p . 5 1 3 - 5 2 5
F i g .  1 (p a g a  621) a n d  P i g .  S ( p a g a  6 2 4 )  from  t h e  a r t i c l e  by H.
S i l l a s c u  e n t i t l e d  ' R a c e r :  A d v a n c e s  o f  H NMR f o r  S tu d y in g
M o l e c u l a r  t t o c l o n  i n  S o l i d  P o l y m e r s '
on c o n d i t io n  c h a t  a s u i t a b l e  a e k r o u la d g a r a a n t  w i t h  f u l l  r a f s e a n c e  i s  p r in te d  
t o  th a  o r i g i n a l  p u b l i c a t i o n  o f  t h i s  a a t a r i a l  in  PAC.
Scereuiriat: 3anlc Court Chambers. 2 1 ll.und v. .,v. 'I .-mplars Square, Cowley, Oxford. 0X4 3YP. I 1s  
'11:1.: - 4 i  ( IXfi5) 747744. FAX: - 4 ,1  (1 1 7-:"111. SI,MAIL: IUPAC@V.4X.0XF0RD.AC.tjK.
P resident: P m f. X. I. Z am araev  ( R u ss ia )  
V ice-P res iden t: Prof. A . E. F ischli ( .S w iizcd .m d l 
P ust-P residcm : I’ro f. A . J . B an! (U S A )
For a t t e n t i o n  o f t  
O r g a n iz a t io n !
Pax number c a l l e d !  
Number o f  p a g e s :  
Prom:
D ata :
Our r a f a r s n c e :
P r o f .  Tr o d e r ic lc  
247  H aath arw ood  
- 1  5 0 4  765 3 4 3 6  
1 { i n c l u d in g  rh. 
P .O . C u ; r a l ,  3c. 




Frederick H. Roos was born on December 30, 1951, in 
Philadelphia, Pennsylvania. He graduated from high school, in Pine 
Hill, New Jersey, in 1969. After obtaining a Bachelor of Arts degree in 
biology a t Saint O laf College in  Northfield, M innesota in 1973, he 
attended Rutgers University in  New Brunswick, New Jersey. While 
there, he m et and m arried E lizabeth A. Zozulin, then a second grade 
teacher. On obtaining his M aster of Science degree in  Botany (Ecology7), 
he went into chem istry as his vocation, eventually acquiring 18 years of 
industria l experience a t Gulf Oil Chemicals and  DSM Copolymer. 
During th a t interval, he progressed from technician to Senior Research 
Chemist. In 1989, he achieved the Associate Scientist level. At th a t 
point, for his own satisfaction and for increased career possibilities, he 
started  study at LSU for the Doctor of Philosophy degree in chemistry.
188
DOCTORAL EXAMINATION AND DISSERTATION REPORT
c a n d i d a t e :  Frederick Harald Roos
M a jo r  F i e l d :  Chemistry
Synthesis, Molecular Characterization and Physical Behavior of 
T i t l e  o f  D i s s e r t a t i o n :  Novel Polymers and Polymer Blends: Poly(aryl ether)sulfones,
Labeled Poly(Y-stearyl-a.L-glutamate) and 
Poly(Y-stearyl-a,L-glutamate)/Polyethylene Blends
A p p ro v e d :
7\M o/ Q
M a jo r  P r o f e s s o r  a n
tn fe r  G r a d u a t e  S c h o o l
EXAMINING COMMITTEE:
D a t e  o f  E x a m i n a t i o n :
November 10, 1995
